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ABSTRACT

Modeling Climate and Production-related Impacts on Ice-core Beryllium-10

Christy Veeder

I use the Goddard Institute for Space Studies ModelE general circulation model to ex-
amine the how beryllium-10, a cosmogenic isotope which has been used in earlier studies
as a proxy for changes in solar irradiance, is affected by production-related changes and
also by climate-related changes. 1 focus on changes in total flux and snow concentration
over ice-core regions. Experiments involving changes in °Be production yield latitude-
dependent changes in '“Be deposition. Climate-related experiments show changes in 1“Be
flux and snow accumulation and lead to notable changes in °Be concentration over both
Greenland and Antarctica. This result implies that the effects of climate should be con-
sidered carefully when determining production-related impacts on “Be during periods of
large-scale climate change.

Next, I use ModelE to examine '°Be’s response to the combined influence of increased
production and decreased solar irradiance that are thought to have taken place during his-
torical periods of prolonged solar quiescence, such as the Maunder Minimum. I perform
a suite of experiments to capture a range of possible changes in production and irradiance.
Production-related changes in °Be concentration dominate over climate-related changes.
Using these results in conjunction with observed values of 1°Be, we conclude that the solar
modulation parameter ¢ is estimated to have ranged from 280-395 MeV over the course of

the Maunder Minimum.



I also perform transient ensemble simulations of the 20th century, with annually vary-
ing '°Be production and a range of climate forcings. Internal variability causes modeled
century-scale 1°Be concentration trends to vary from the ensemble mean values by up to
50% and more. Lower levels of unforced variability at the Antarctic locations relative to
the Greenland location suggests that, in the model at least, 1°Be from Antarctica may reflect
production changes with greater fidelity.

Additionally, I configure the model with daily-varying beryllium production in order
to simulate changes in “Be caused by an extreme solar energetic particle (SEP) event that
took place on January 20, 2005. I also compare the model results with surface observations
from January-February 2005. There is generally good agreement between the modeled and
observed "Be air concentration values. The impact of the SEP event is clearly visible in
the polar stratosphere and mesosphere, but at the surface the effects are too small to be

distinguishable from the intrinsic variability.
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CHAPTER 1

INTRODUCTION

One of the remarkable characteristics of the earth sciences as a field of research is
the range of physical scale encompassed by its subdisciplines, involving everything from
continental rebound to fission-track dating. In particular, earth scientists are masters at
bridging that range of scale — of tenaciously seeking ways to extract information from the
microscopic in order to reveal the nature of the colossal. Solar variability is one of the
subjects that fall into this category. Since 1610, when sunspot counts were first made with
the help of early telescopes, our ongoing interest in learning about the sun has yielded ever

more sophisticated observations (Eddy, 1976; Hoyt and Schatten, 1998; Frohlich, 2004).

Over the past several decades, solar research has taken on a new significance amid
growing concern about climate change. Developing a comprehensive understanding of
natural climate forcings is essential to understanding the potential scope of anthropogenic
climate change, and solar irradiance changes are the most significant natural forcing on
centennial timescales. Of particular interest is the existence and magnitude of long-term
(multidecadal and longer) changes in solar irradiance, and how such changes might have

influenced Earth’s climate in the past (and possibly the future as well).

To that end, researchers have turned their attention to the study of natural archives con-
taining cosmogenic isotopes, one of the most promising sources of information about solar
variability prior to 1600. These isotopes are produced by collisions between atmospheric
particles and galactic cosmic rays (GCRs) (Lal and Peters, 1967). On millennial and longer
timescales, Earth’s GCR flux is dominated by changes in the strength of the geomagnetic
field (Mazaud et al., 1994; Christl et al., 2003); and on shorter timescales (daily to centen-

nial and millennial), GCR flux is mainly controlled by changes in the portion of the Sun’s
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magnetic flux that extends into the heliosphere, called the open magnetic flux (Beer et al.,
1990; Vonmoos et al., 2006; Heikkild et al., 2008; Lean et al., 2002). The open magnetic
flux makes up a relatively small portion of the Suns’s total magnetic flux, most of which
is comprised of sunspots (areas of intense magnetic activity that inhibit convection and
result in reduced surface temperatures) and the bright facular regions that surround them.
Changes in the Sun’s total solar irradiance (TSI), which is the most significant natural cli-
mate forcing on centennial timescales, are controlled by the total magnetic flux. Measure-
ments over the satellite observational period have shown that changes in open magnetic flux
are positively correlated to changes in the total magnetic flux and to TSI (Lean, 1994; Lean
et al., 2002). Although work is still being done to understand the physical basis for this
relationship (Beer et al., 1998; Muscheler et al., 2007), periods of increased solar magnetic
activity and TSI (such as sunspot maxima) are associated with increased GCR shielding
and reduced cosmogenic isotope production (and vice versa for sunspot minima) (Lal and

Peters, 1967; Masarik and Beer, 1999; McCracken et al., 2004).

With the knowledge (albeit imperfect) of this inverse relationship between TSI and
cosmogenic isotope production, we can use natural archives such as ice cores and tree
rings to learn about how those isotopes have varied in the past, and hopefully get a clearer
context for contemporaneous changes in TSI. The isotopes most commonly used for this
purpose are beryllium-10 (half-life of 1.5 My), beryllium-7 (half life 53 days), carbon-14
(half-life 5,730 years) and chlorine-36 (half-life 301,000 years).

Cosmogenic isotopes are produced mainly in the stratosphere and upper troposphere.
Beryllium isotopes are rapidly scavenged by aerosol particles after production, and are
deposited at the surface after an average atmospheric residence time of about a year (Rais-
beck et al., 1981; McHargue and Damon, 1991). This relatively short time period between
10Be’s production and its sequestration in ice sheets distinguishes °Be from *C, which
becomes incorporated in the carbon cycle after it is produced. The longer residence times

of C in the atmosphere and ocean acts as a filter that smooths out production changes on
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decadal and multidecadal timescales — however on centennial and longer timescales, e
can be usefully compared to changes in 1“Be (Bard et al., 1997, 2007; Beer et al., 2002;
Muscheler et al., 2007).

While “Be’s short half life makes it unsuitable for ice-core study, its production func-
tion is very similar to that for °Be, and both are subject to the same transport and re-
moval processes. Also, because "Be is much easier to measure than °Be (Beer, 1997),
"Be observations are available in relative abundance and are useful in assessing how well
both isotopes are simulated in modeling studies (Koch and Rind, 1998; Koch et al., 2006).
Chlorine-36 differs from the beryllium istopes in that, after production, it stays in gaseous
form as H*Cl. While 3°Cl’s half-life is long enough to make it potentially useful for study
centennial and millennial timescales, when deposited over ice sheets with low accumula-
tion rates, there is a tendency for H*Cl to become partly re-released into the atmosphere

while the snow undergoes the transition to ice (Wagnon et al., 1999; Beer et al., 2002).

Ice cores from Greenland and Antarctica, however, provide a rich and relatively well-
dated record of changes in °Be, with time resolution that allows for study on interannual
to centennial timescales. (Beryllium-10 is also found in mid- and low-latitude mountain
glaciers, however ice cores from these locations generally cover much shorter time periods,
are less complete and are notably more difficult to date; these records are therefore rarely
used for studying “Be [Jiirg Beer, personal communication].) However there are several
factors that can complicate the process of interpreting ice-core records. Geographically,
19Be data are relatively sparse, and are limited to high latitude locations where climate can
exhibit many types of variability. To some degree, however, this problem is mitigated by
the greater numbers of "Be observations that come from a much wider variety of locations.
Since “Be’s production and transport are very similar to °Be’s, "Be observations can to
some degree serve as an anolog for understanding certain characteristics of °Be. Also,
since '°Be observations are taken in terms of concentration in ice, they are a composite of

changes in °Be production and changes in climate (Lal, 1987). Any processes that affect
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precipitation (like ENSO or the North Atlantic Oscillation) or the atmospheric transport and
removal of 1°Be can potentially impact ice-core records and obscure the production signal.
In many cases, such as large volcanic eruptions which might cause tropospheric cooling and
suppress snowfall, these climate effects may occur independently of production-related so-
lar changes. However it is also possible that solar-related climate changes may amplify and
occur in tandem with the effects of solar-related production changes — such as during pro-
longed periods of low sunspot activity like the Maunder Minimum (1645-1715 CE), which
was characterized by cooling in the Northern Hemisphere and high °Be snow concentra-

tions.

Climate effects also impinge on the issue of comparing ice-core records from different
locations. While production changes should theoretically have the same effect on high-
latitude °Be everywhere, snow concentrations from different ice cores often have different
trends and features, and changes of varying amplitudes (Bard et al., 1997, 2007; Muscheler
et al., 2007). These discrepancies raise questions about how to combine different records,

and how to attribute changes in production and, potentially, TSI.

General circulation models (GCMs) provide a means by which these questions can be
investigated. With their high degree of configurability, and their ability to control isotope
production and climate forcing independently, GCMs can serve as laboratories in which we
can simulate a wide variety of scenarios and gain insight into the interplay of the different
factors involved. The Goddard Institute for Space Studies (GISS) ModelE GCM is well
suited for this work since it is able to simulate the response to a wide range of climate
forcings including spectrally varying solar irradiance. The GCM configuration used here
features a more resolved stratosphere than the standard GCM (Schmidt et al., 2006), which
is important for capturing the spatial extent of 1°Be production. It also has the capability
to simulate daily or annual changes '°Be production for transient simulations. One caveat
that should be kept in mind is the limited ability of GCMs to model very site-specific

(gridbox-scale) data. Toward that end, in the following chapters we have made an effort to
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discuss our results in terms of broader, regional-scale trends when possible, and to provide
contextual discussion for simulated gridbox-specific data.

This dissertation describes a series of experiments that have been performed with Mod-
elE for the purpose of better understanding the different ways that changes in climate and
changes in cosmogenic isotope production affect °Be in ice cores. In the remainder of
this chapter, I will describe the different production functions used for this work, and also
provide some background on the model’s performance over Greenland and Antarctica. The
second chapter is a published journal article that discusses how simulated '°Be is affected
by solar-related and geomagnetic related production changes; and also the impact that in-
creased greenhouse gas concentrations, North Atlantic ocean circulation changes, and per-
sistent volcanism have on Greenland and Antarctic °Be. The third chapter is an accepted
journal article in which we perform a suite of model runs to understand the different ways
that '°Be might have been affected by solar-related climate and production changes during
periods like the Maunder Minimum. The fourth chapter is a submitted journal article that
describes experiments based on transient 20th-century ensemble simulations, designed to
shed light on the differences and similarities between ice-core '°Be records from Greenland
and Antarctica. The fifth chapter, an accepted journal article for which I am a co-author,
describes modeling experiments used to understand how "Be is affected during periods of
extreme but short-lived changes in solar-related production. The final chapter summarizes
the main findings from each chapter, the limitations of the work, and prospects for future

study.

1.1 Cosmogenic production functions used in this work

Three different cosmogenic production schemes were used to produce the research in
this dissertation. All three calculate isotope production according to the relevant degree of
GCR shielding, described in terms of the geomagnetic field strength, and the solar modu-

lation parameter ¢ (Gleeson and Axford, 1968). The solar modulation parameter describes
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the potential of the Sun, against which charged particles have to propagate through the he-
liosphere while losing energy. The solar modulation parameter can be denoted either in
terms of potential (with units of MV) or in terms of energy (MeV); however since energy
is the product of potential times charge, for a proton, numerically speaking, there is no
difference between the two usages independent of the units used [Jiirg Beer, personal com-
munication]. Since some GCR are alpha particles, the potential in MV is regarded as the

more general description.

The first production scheme is described in Masarik and Beer (1999) (and hereafter
referred to as MB); the levels of beryllium isotopes that it yields are based on Monte Carlo
simulations of the cascade of spallation reactions initiated by GCR particles in the atmo-
sphere. We use the MB production function for the experiments in chapters 2 and 3. (Chap-

ters 2 through 5 each contain a description of the production function used in that chapter.)

The second scheme, used in chapter 4, is a revised version of the MB production func-
tion (MB-alpha) improves the treatment of isotope production due to helium nuclei (alpha
particles). These alpha particles comprise only about 9% of the incoming cosmic radiation
that produces beryllium isotopes. Alpha particles, however, have a smaller charge/mass
ratio than the protons that make up the large majority of the GCR flux, and this makes them
more resistant to changes in geomagnetic and solar modulation (McCracken et al., 2004).
This revision of the effects of alpha particles results in an overall increase in °Be produc-
tion of about 10%, and slightly reduces the sensitivity of beryllium isotope production to
changes in ¢. Both the MB and MB-alpha production functions are configured to simulate

10Be and "Be.

The third production function, used in chapter 5, is from Usoskin and Kovaltsov (2008)
(UKO8). We use this scheme to model short-term (daily to monthly) production and trans-
port effects, and it is currently only configured to simulate “Be. The UKO08 production
function, which is similar to the MB scheme, uses a more recent Monte Carlo simulation

tool and yields about twice as much “Be production overall. The cause of this difference
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in yield is still being investigated by the two teams involved, however in this thesis we
discuss results in terms of relative values in order to accomodate the differences between

the production functions.

The three production functions are compared in figures 1.1 through 1.3. Global "Be
production values for MB, MB-alpha, and UKOS are approximately 0.035, 0.038 and 0.062
atoms/cm?/s, respectively, for ¢ = 700 MeV and present-day geomagnetic field strength
(Usoskin and Kovaltsov, 2008). Figure 1.1 shows the zonal mean “Be production for the
MB, MB-alpha and UKO8 production functions averaged (respectively) over 30 years, 10
years, and 4 years of control-run data. For both the MB simulation and the MB-alpha
simulation, ¢ = 700 MeV. For the UKOS8 simulation, ¢ = 651 MeV, which partly accounts
for the higher amounts of "Be in that run. The higher levels of "Be in the run using MB-

alpha (relative to MB) are also visible.

Figures 1.2 and 1.3 compare the concentrations of "Be in surface air for the three pro-
duction schemes. Due to the interactions between solar magnetic and geomagnetic shield-
ing, the regions of greatest beryllium isotope production are in the mid- to high latitudes
and, as mentioned earlier, mostly in the stratosphere. The co-location of these high pro-
duction regions with midlatitude storm tracks facilitates the transfer of cosmogenic beryl-
lium from the stratosphere to the troposphere, and also the deposition of beryllium at the
surface; this can be seen most clearly in panel c. Regions of higher concentrations also
correspond to the areas of the globe with higher elevation, such as Greenland, the Rockies
and the Himalayas. More importantly, despite the differences between the control runs,
figures 1.2 and 1.3 qualitatively show that although the magnitudes of "Be vary from pro-
duction scheme to production scheme, the patterns of "Be and the relative distributions are
very similar for all three schemes. This relative constancy can be seen in panel d, which
shows the departure from the percent increase (from MB to UKO08) in global mean "Be
surface air concentrations. (The change from MB-alpha to UKOS is very similar and not

shown.) Except for some high values near the equator, the departure is fairly constant, with
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Figure 1.1: Zonal mean “Be production for the three different production functions.

values that are generally close to the percent increase in global average production from

MB to UKOS8 (about 78%). This qualitative agreement allows us to compare results from

different experiments with greater confidence. In the following chapters, results are typi-

cally discussed in terms of percent change from the control scenario, which minimizes the

differences.



(a) 7Be surface concentrations, Masarik & Beer

(b) Masarik & Beer w/ alpha

Figure 1.2: Climatological surface air concentrations of "Be for (a) the MB production

function and (b) the MB-alpha production function. Units are in 10~22 kg/kg air.
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(c) Usoskin & Kovaltsov

(d) Departure from global mean % increase in 7Be surf. air conc.
T T T

Figure 1.3: Panel (c) shows climatological surface air concentrations of "Be for the UK08
production function (units are in 10~22 kg/kg air). Panel (d) shows the departure from the
percent increase (from MB to UK08) in global mean "Be surface air concentrations (about

78% more).
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1.2 Assessment of simulated climate over Greenland and Antarctica

Given the importance of ice core regions to the results of this thesis, we compare model
output with automatic weather station (AWS) data and recently published climatological

observations.

1.2.1 Model description

We use a version of the Godard Institute for Space Studies (GISS) ModelE general
circulation model (GCM) that is configured with 20 vertical layers and medium (4° latitude
x 5° longitude) horizontal resolution (Schmidt et al., 2006). The simulations use present-
day climatological sea surface temperatures and greenhouse gas concentrations. After a
one-year spin-up period, the model was run for five years. Results from a higher-resolution
(2° latitude x 2.5° longitude) run (with the same configuration) are also compared with the

original medium-resolution simulation.

1.2.2 Greenland

For Greenland, we compare model output for monthly mean temperature, surface pres-
sure and humidity (figure 1.4) with AWS data collected at GISP2 (Summit) between 1989
and 1995. For the inland regions of both Greenland and Antarctica, air actually warms up
to about 1 km above the surface, at which point adiabatic cooling with height is seen. This
inverted temperature profile complicates the process of correcting for differences between
modeled and real-world altitudes. For instance, if one were modeling a location somewhere
in the Rockies and topographical smoothing in the model produced a simulated altitude that
was lower than the actual altitude, the straightforward adiabatic temperature profile there
would allow one to adjust the simulated temperature by calculating and applying a positive

lapse rate. However, it makes less sense to use this process in Greenland or Antarctica,
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where temperature inversions exist. While applying an adiabatic lapse rate in these cases is
not necessarily helpful or meaningful, both adjusted and unadjusted surface temperatures

are presented here for the sake of comparison.

Topographical smoothing in the model results in a simulated elevation that is approx-
imately 230 meters below Summit’s actual elevation (3205 m). In this case, adjusting the
modeled temperature results in a better agreement with observations, although this may
be coincidental (as explained above). In making the adjustment, a value of -6.5° C/km
was used. Hanna et al. (2001) use -8° C/km, which does not significantly improve the

agreement.

Surface pressure benefits greatly when adjusted for altitude (done by multiplying the
observed pressure by exp(—.23/H)) although adjusted model pressure is too high during
the winter, which suggests that there may be some issues with the location and magnitudes
of the model’s storm tracks. As for humidity, observations are given in terms of relative
humidity at the surface. The model provides information on specific humidity, tempera-
ture and pressure at the surface, which were used to calculate surface relative humidity.
As can be seen in figure 1.4, calculated relative humidity values fail to reproduce the sea-
sonal cycle and are too high throughout the year, especially during the winter (despite the
model’s high bias with surface pressure). This discrepancy in relative humidity is largely
due to the exponential relationship between temperature and saturation vapor pressure, and
the problem of calculating relative humidity from averaged temperature values. Alterna-
tively, I calculated “observed” specific humidity values using observed relative humidity
and temperature. The monthly mean results agree strongly with the model’s simulated
specific humidity, but given the very strong dependence on temperature, this match is the
easier target. Despite the high relative humidity values in the model, we have found that
simulated °Be snow concentrations at Summit are sometimes several times higher than
observed values (see Chp. 2). The high modeled concentration values at Summit in these

cases seem to be mainly due to low accumulation, implying that the model’s high surface
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pressure bias has a dominant effect in these simulations. At Dye 3, however, both modeled
accumulation and °Be snow concentrations are in closer agreement with observed values

(see Chp. 4).

The model’s ability to simulate temperature, pressure and humidity should be reflected
in the model’s success at simulating Greenland’s precipitation and accumulation. These
two quantities are characterized by high regional variability, which in turn is caused largely
by the combined effects of Greenland’s topography and two semi-permanent low-pressure
systems: the Icelandic low to the southeast and the Baffin Bay low to the west. The Ice-
landic low directs relatively moist air from the Atlantic toward the southeast coast. The
steeply rising topography causes some air to be deflected along the coast while the rest
flows inland toward Summit, depositing its moisture along the way. Relatively little pre-
cipitation reaches beyond Summit to the north or west. Greenland’s west coast receives
moisture in a similar manner from the Baffin Bay low. The westerly winds from this pres-
sure system originate over North America, and so are relatively dry during the winter (when
the land is cooler than the ocean) and moist in the summer. In the annual mean, the overall
result is high precipitation on the southeast and western coasts and reduced precipitation
above 2500 m. Over the leeward, northeastern part of the ice sheet, precipitation is mini-

mal. A more detailed description of these wind fields is given in Ohmura and Reeh (1991).

Simulated precipitation and accumulation over Greenland are shown in figures 1.5
through 1.8, which can be compared with observed values shown in figure 1.9 from
Bromwich et al. (1998). Due to low levels of evaporation and sublimation inland, precipi-
tation and accumulation over the ice sheet closely resemble each other. Qualitatively, the
distribution of modeled precipitation also agrees well with the observed values, in keeping
with the model’s performance with respect to temperature and pressure, however model
accumulation values for the Summit gridbox (0-20 cm/yr) are lower than the observed
values (about 25 cm/yr). Also, on the southeast coast, model accumulation is negative,

contrary to observations. This is due to the fact that in the model these are ocean gridboxes
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rather than land gridboxes. The higher-resolution model has improved coastal topography
and does not exhibit negative accumulation in these gridboxes, and is also more successful

at simulating the higher levels of accumulation around the southeast region of the coast.
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Figure 1.5: Annual mean precipitation over Greenland from the medium-resolution

model. Units are in cm/yr.
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Figure 1.6: Annual mean accumulation over Greenland from the medium-resolution

model. Units are in cm/yr.
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Figure 1.7: Annual mean precipitation over Greenland from the high-resolution model.

Units are in m/yr.
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Figure 1.8: Annual mean accumulation over Greenland from the high-resolution model.

Units are in m/yr.
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Figure 1.9: Csath6-PARCA accumulation data for Greenland, from Csathé et al. (1997)

(figure 3 in Bromwich et al. (1998)). Units are in cm/yr.
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Taken together, the results suggest that the model does a reasonable job of simulating
climatology over the Greenland ice sheet, although the high level of spatial variability that
characterizes Greenland’s climate reduces the probability that modeled values for any given

gridbox will strongly reflect the contents of a particular ice core.

1.2.3 Antarctica

Of the Antarctic locations for which AWS observations were available, Law Dome and
Vostok have the most abundant data, and temperature data is available for a number of
locations. Genthon (1994) mentions that in Fortuin (1992), the lapse rate is calculated to
be about -5° C/km around the Antarctic coast and -14° C/km inland. Both values have been
applied to temperature data for all individual locations, with mixed results; the seasonal
cycle, however, is well represented everywhere. (For a map with locations, see figure 1.12.)

Figure 1.10 shows Antarctica’s annual mean surface temperature distribution, which
can be compared with observations from Tzeng et al. (1994) (figure 1.11). Temperatures
appear to be in good agreement in the east around the coast, but too warm inland and to the
west. The monthly mean temperatures at Law Dome and Mawson (figures 1.13 and 1.15)
confirm this, as do the temperatures at Halley, Vostok and the South Pole (figures 1.15 and
1.14). A protrusion of colder air in the model at 90° W allows simulated Byrd tempera-
tures to match observations. McMurdo’s position next to the Ross Sea may account for its

relatively cold simulated temperatures.
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Annual mean surface air temperature ©)

Figure 1.10: Annual mean temperature over Antarctica in degrees Celsius.
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Figure 1.11: Observed annual mean temperature over Antarctica in negative degrees Cel-

sius, from Giovinetto et al. (1990) (figure 3b in Tzeng et al. (1994)).
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AWS locations

Figure 1.12: Antarctic weather station locations: 1 = Base Belgrano, 2 = Halley, 3 =
Neumayer, 4 = Mawson, 5 = Law Dome, 6 = McMurdo, 7 = Vostok, 8 = South Pole, 9 =

Byrd.

In general, areas over the Antarctic plateau are too warm, and coastal performance is
inconsistent. Genthon (1994) blamed underestimated model albedos for the lack of appro-
priately cold temperatures. The GCM’s albedo has since been raised to 0.8 (in Genthon’s
recommended range), although this would have no effect during austral winter, when tem-
perature discrepancies are the greatest. Another possible cause of the warm inland temper-
atures could be excess amounts of high-level clouds, which could receive longwave radia-
tion and emit to space at a lower temperature. According to cloud climatology data from
Rossow and Schiffer (1999), cirrus and cirrostratus cloud are estimated to cover for the

south polar region at 8.7% and 3.4% respectively. These cloud types are defined as having
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cloud-top pressures between 440 and 50 mb. The modeled percentages are approximately
the same, with the percentage of high-altitude ice clouds over the pole ranging from 2-9%
in the medium-resolution model and 1-7% in the high-resolution model. A more likely
explanation for the warm temperatures might be that too much coastal air is being advected
inland, which is plausible considering the smoothed nature of model topography. Other
dynamics-related issues, such as lack of a realistic temperature inversion or lack of kata-
batic winds (both of which stem from the difficulties of accurately modeling near-surface
conditions) may also contribute to the warmer modeled temperatures.

Modeled pressure at Law Dome (figure 1.13) is about 80 mb higher than the observed
values, and is still about 15 mb higher than observations even after being corrected for
altitude. As with Greenland, this may be due to the model not generating enough storms
throughout the year. Despite the high pressure, modeled precipitation and accumulation
agree fairly well with observations (figures 1.16, 1.17, and 1.18). Specific humidity was
calculated from averaged temperature and relative humidity values. As mentioned earlier,
there are problems with this method, nonetheless the agreement between observed and
simulated values improves significantly when the calculation is applied, although modeled
relative humidity is too high during austral summer and too low during austral winter.
This is probably related to the fact that austral summertime temperatures at Law Dome
are warmer than observations by about 5° C. The low simulated humidity during austral
winter may also be related to the model’s inability to simulate blowing snow, which can

substantially increase surface humidity values (Mann et al., 2000).
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Figure 1.13: Monthly mean temperature, pressure and humidity at Law Dome, Antarctica.

Observations are from the Australian Antarctic Division web site. Temperature data were

collected from 1986-1998; pressure data were collected from 1987-1995 and humidity data

were collected from 1998-2003.
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Figure 1.14: Monthly mean temperature at South Pole and Vostok; and monthly mean
humidity at Vostok. Observations are from Paul Ward, www.coolantarcita.com. South
Pole and Vostok temperature data were collected from 1957-1988. Vostok humidity data

were collected from 2000-2004.
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Figure 1.16: Annual mean precipitation from the medium-resolution model, in kg/m?/yr.

27



28

Annual mean accumulation

-1895

60

120

240 —

300

360

420

480

5689

Figure 1.17: Annual mean accumulation from the medium-resolution model, in kg/m?/yr.



Figure 1.18: Observed accumulation over Antarctica from Arthern et al. (2006), in

kg/m?/yr.
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Figure 1.19: Annual mean precipitation from the high-resolution model, in m/yr.



Figure 1.20: Annual mean accumulation from the high-resolution model, in m/yr.
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From the observations available at Vostok, it was possible to calculate specific hu-
midity continuously before computing the monthly mean values. Here also, the overly
warm model temperatures result in a simulated specific humidity that exceeds observations

throughout the year.

On Antarctica, the mechanism for coastal precipitation is similar to that for Greenland:
low pressure systems propel moist air from the Southern Ocean toward the coast, where the
elevation rises steeply; some air follows the contour lines along the coast, and the rest, flow-
ing inland, is forced upward, cools and releases its moisture. In contrast, precipitation over
the Antarctic plateau usually falls from clear skies, either from water vapor advected into
the region, or from vapor that sublimates from the surface during the daytime in summer
and precipitates at night. Cirrus clouds are also responsible for some high-altitude snow,
but the cumulative effect of these processes is total snowfall that is usually less than the
measuring instrument’s minimum resolution. Winds frequently redistribute new and previ-
ously deposited snow, making accurate accumulation measurements even more difficult to
achieve. That being said, figures 1.16 and 1.17 compare simulated Antarctic precipitation
and accumulation with observations from Arthern et al. (2006) (figure 1.18). There is good
first-order agreement between simulated and observed values, and simulated precipitation
and accumulation also closely resemble each other, as one would expect due to Antarc-
tica’s low levels of evaporation and sublimation. Despite the model’s warm temperature
bias at South Pole, however, accumulation at South Pole is low, however, ranging from
0-5 cm/yr while observed values range from approximately 5-10 cm/yr (Bromwich, 1988;
McConnell et al., 1997; Monaghan et al., 2006). The model’s low accumulation values at
South Pole lead to simulated °Be snow concentrations that are several times higher than

observed values (see Chp. 2 and Chp. 4).

There are also several regions of negative accumulation around the coast, which are also
ocean gridboxes (as was the case with Greenland). The extent of the negative accumulation

areas is greatly reduced in the high-resolution model (figures 1.19 and 1.20). Overall, while
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ModelE performance over Antarctica may not be as strong as over Greenland, the model
is still able to qualitatively match the large-scale observed temperature and accumulation
patterns. The model also does a fairly good job of simulating temperature at most locations,
both in terms of magnitude and seasonal cycle. The roles that dynamic effects play with

respect to inland and coastal temperatures merit investigation in future studies.
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CHAPTER 2

MODELING PRODUCTION AND CLIMATE-RELATED
IMPACTS ON YBE CONCENTRATION IN ICE CORES

Accepted by Journal of Geophysical Research
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2.1 Abstract

The connection between the production of the cosmogenic isotope °Be and changes in
heliomagnetic activity makes ice-core °Be an attractive proxy for studying changes in solar
output. However, interpreting °Be ice core records on centennial timescales is complicated
by potential climate-related deposition changes that could obscure the '°Be production sig-
nal. By using the Goddard Institute for Space Studies (GISS) ModelE general circulation
model (GCM) to selectively vary climate and production functions, we model °Be flux at
key ice-coring sites. We vary geomagnetic field strength and the solar activity modulation
parameter (¢), CO,, sea surface temperatures and volcanic aerosols to assess impacts on
19Be. Specifically we find significant latitudinal differences in the response of °Be fluxes
to changes in the production function. In the climate experiments, the 1°Be deposition
changes simulated over ice sheets in both hemispheres are comparable to those seen in the
production experiments. This altered deposition combined with changes of snow accumu-
lation results in significant climate-related '°Be concentration variation in both Greenland
and Antarctica. Over the Holocene, our results suggest that the *Be response to climate

change should not be neglected when inferring production changes.
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2.2 Introduction

To understand contemporary climate change and anthropogenic climate forcings, it
is necessary to quantify solar forcing, the most significant natural forcing on centennial
timescales. Sunspot observations go back to 1610, but satellite observations (which span
the past 25 years (Frohlich, 2004)) have greatly increased our understanding of solar ac-
tivity as it varies over the 11-year sunspot cycle. Despite these advances, the relationship
between sunspots and solar activity on multi-decadal to centennial timescales, as well as
the existence of long-term solar forcing, remains largely speculative (Foukal et al., 2004).

Changes in solar irradiance (defined as the total energy output of the sun) on the 11-
year timescale are positively linked with changes in solar magnetic activity (Willson and
Hudson, 1988; Radick et al., 1990). In turn, the sun’s magnetic field modulates galactic
cosmic rays (GCR), with increased solar magnetic activity resulting in greater deflection
and Earth’s reduced exposure to high-energy GCR flux. Collisions between GCR and atmo-
spheric oxygen and nitrogen result in the production of cosmogenic isotopes such as °Be
(half-life of 1.5 My), "Be (half-life 53 days) and **C (half-life 5730 years) (Lal and Peters,
1967; Masarik and Beer, 1999). An anti-correlation therefore exists between °Be produc-
tion and solar irradiance, since increased heliomagnetic activity implies both a brighter sun
and diminished '°Be production. These relationships between °Be production, magnetic
activity and solar irradiance are the basis of 1’Be’s potential use as a proxy for solar activ-
ity. However, this chain of influence depends significantly upon the link between the sun’s
magnetic field and irradiance changes. Various uncertainties surround these topics and are
discussed in McCracken et al. (2004), McCracken (2004) and Lean et al. (2002).

The earth is also shielded from cosmic rays by its own geomagnetic field, and the
combined effect of solar and geomagnetic forces leads to a production function for all cos-
mogenic isotopes that is stronger in high latitudes than in the tropics, and more pronounced

in the stratosphere than in the troposphere (Lal and Peters, 1967; Masarik and Beer, 1999).
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Solar changes impact mainly the high latitudes, while geomagnetic changes affect produc-

tion closer to the equator.

Beryllium-10 (and "Be) are produced mainly in the lower stratosphere and upper tro-
posphere; after production, '°Be and "Be are rapidly scavenged by aerosols (primarily sul-
fates) (Lal and Peters, 1967). The average residence time in the lower stratosphere is one to
two years (Davidson et al., 1981; Raisbeck et al., 1981). Eventually the aerosols descend
into the lower troposphere where they are deposited at the surface by both dry (turbulent)
and wet (precipitation-related) processes. This quick transition from production to depo-
sition differentiates °Be from '“C, whose response to short-term production changes is
significantly damped by the carbon cycle (decreasing *C’s usefulness as an indicator of
multi-decadal changes in solar activity (Bard et al., 1997)), and whose records may also be
affected on centennial timescales by changes in the carbon cycle. In contrast, 1°Be’s short
atmospheric residence time circumvents these complications and leads to high-resolution

signals in well-dated polar ice core records (McHargue and Damon, 1991).

A complicating factor is the possibility that climatic effects may confound solar signals
in the 1°Be record (Lal, 1987). Processes that affect the distribution of '°Be in the tropo-
sphere — such as changes in stratosphere-troposphere exchange (STE) or aerosol scaveng-
ing efficiency, both of which may change with climate — could distort the degree to which
ice core records reflect production changes. Similarly, because a more or less active hy-
drologic cycle may dilute or exaggerate °Be snow concentrations, any process that affects
precipitation (ENSO events, Bronnimann et al. (2004); changes in thermohaline circula-
tion; long-term changes in the North Atlantic Oscillation/Arctic Oscillation) could also
obscure a production-rate signal. Figure 2.1 shows the climatological wet and dry “Be
deposition from one of the control runs (described in the following section), demonstrat-
ing the strong link between deposition and precipitation. Midlatitude storm tracks are the
dominant regions for wet deposition since the storms, which follow the latitudes associated

with high “Be production, are effective in mixing 1°Be-rich air from the stratosphere into
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the troposphere. Over ice sheets, the magnitude of dry '“Be deposition is comparable to
that for wet deposition. It is therefore likely that changes in hydrological and scavenging

processes will be linked to changes in !°Be deposition and concentration.
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Annual mean wet '°Be deposition (10" kg/m?/s)
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Figure 2.1: Climatological wet and dry deposition of °Be from the fixed SST control run.
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Studies involving '°Be have often used accumulation models (Cuffey and Clow, 1997)
or oxygen isotope ratios (Dansgaard et al., 1993) to estimate °Be flux from ice core con-
centrations. Finkel and Nishiizumi (1997) and Muscheler et al. (2000) are two examples of
such an approach. The main weakness of the concentration-to-flux method is that changes
in flux may not necessarily mean that there are also changes in °Be production; also, it is
not always clear whether snow concentration or flux is the most appropriate indicator for
changes in atmospheric concentration (Alley et al., 1995). If 1°Be is to be unambiguously
used to infer solar variation, we first need a way to account for the effects of climate as
they appear in the ice core record; otherwise, it is possible that the coincident variation of
climate signals and '°Be snow concentrations may lead to a mis-attribution of the change to
solar forcing. This paper will examine the ways in which production- and climate-related
changes impact °Be deposition. The first experiments to be discussed focus on '°Be’s
production function and are designed to calibrate how production changes are recorded lat-
itudinally. We also look at simulations involving doubled CO, to see how ice-core records
might change in a warmer climate. Next we examine how '“Be flux responds during pe-
riods of reduced North Atlantic Deep Water (NADW) production using two experiments
forced with ocean circulation changes. Finally, we look at potential impacts from persistent

volcanic eruptions.

2.3 GISS ModelE Description

We have used the latest version of the GISS ModelE GCM (Schmidt et al., 2006). This
version of the model has 20 layers in the vertical and a model top at 0.1 mb. Models
with boundaries lower than this have been shown to seriously misrepresent stratosphere-
troposphere exchange (STE) and poorly simulate variability in the lower stratosphere (Rind
et al., 1999), which may be important in this application. Horizontal resolution is 4° x 5°
(latitude x longitude). Tracers are advected, mixed and convected by all processes consis-

tent with the model mass fluxes.
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We assume that once produced, beryllium isotopes immediately attach to sulfate
aerosols and are 100% soluble. This implies that there are always sufficient sulfate
aerosols available to scavenge the 'Be. Aerosol gravitational settling is included, as is a
term that allows fine aerosols to settle faster in the stratosphere where the mean free path
exceeds the particle radius (Koch and Rind, 1998). In stratiform and convective clouds,
aerosol species are transported, dissolved, evaporated and scavenged (with water cloud
autoconversion and by raindrop impaction beneath clouds) according to processes for each
cloud type. Dissolution of beryllium isotopes is permitted only in proportion to cloud
growth, and beryllium evaporation (i.e. the return of beryllium to the cloud-free portion of

the gridbox) occurs in proportion to cloud evaporation.

Near the surface, tracers are handled using the same turbulent exchange coefficients
as the model humidity. Turbulent dry deposition and interactive surface sources define
the surface boundary conditions. The dry deposition scheme is based on the previously
used resistance-in-series scheme (Koch et al., 1999) derived from the Harvard GISS chem-
ical transport model (e.g. Chin et al. (1996)); however it is increasingly coupled to the
GCM proceses, making use of the GCM-assumed leaf area indices, surface types, radia-
tion, boundary layer height, Monin-Obhukov length, etc. A more detailed discussion of the

aerosol physics in ModelE can be found in Koch et al. (2006).

The different experiments are summarized in table 2.1. For all simulations, a five-year
spin-up period was used to ensure that the atmospheric distribution of cosmogenic isotopes
had reached equilibrium. When we compared the fifth and tenth years of the control run,
the remaining drift in the stratospheric concentration of °Be was less than 1% per year. The
results for the 8.2 kyr event were averaged over ten years (instead of five in the “Younger
Dryas” scenario) due to the weak nature of the forcing. For the volcanic experiment, an
eruption of aerosols similar to those of the June 1991 Pinatubo eruption was set to take
place once per decade. To ensure a robust model response, this simulation was run for 100

years (i.e. ten eruption cycles).
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Table 2.1: Model experiments (M = present-day geomagnetic field strength)

Run Ocean Temp. Atmosphere Comments
control 1 fixed SST preindustrial GHG ¢ =700 MeV,M =1
solar min. fixed SST - ¢ =500 MeV,M =1
geo. min. fixed SST - ¢ =700 MeV, M =0.75

“Younger Dryas”  fixed SST (no NADW) -

8.2 kyr event fixed SST (60% NADW) -

control 2 mixed layer -

2xCO9 mixed layer 560 ppm CO»
volcanic mixed layer 1991-2001 volcanic aerosols

repeating eruptions

To simulate the production of °Be and “Be, we used the calculated production func-
tions from Masarik and Beer (1999) and assumed a control solar modulation parameter of
¢ =700 MeV. This value is roughly the midpoint between recent solar minimum (400-500
MeV) and maximum (900-1100 MeV) values (Masarik and Beer, 1999). The production
function also assumes present-day geomagnetic field strength (M=1). These parameters
result in a mean production rate of about 0.0184 atoms/cm? s'. Other °Be production-rate
estimates (Lal and Peters, 1967; Oeschger et al., 1969; O’Brien et al., 1963; Masarik and
Reedy, 1995) exceed that of Masarik and Beer (1999) by a factor of two or more, which

attests to the difficulty of characterizing cosmogenic production in a quantitative manner.

One factor that may explain part of the difference between the Masarik and Beer (1999)
production function and others is that the Masarik and Beer (1999) production function
only accounts for °Be produced by impacts with cosmic ray protons; it does not account
for 1°Be produced by helium nuclei and heavier nuclei. Although helium and “heavy”
nuclei only make up approximately 9% of the incoming cosmic radiation responsible for

the production of cosmogenic nuclides (the remaining 91% are protons), these heavier
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particles are significant since (1) they quickly break up into neutrons and protons, each
of which is as effective as a cosmic ray proton at forming °Be; and (2) their smaller
charge/mass ratio makes them more resistant to modulation by changes in geomagnetic and
solar magnetic field strength (McCracken, 2004). These conditions imply that the Masarik
and Beer (1999) production function may underestimate the rate of °Be production and
may slightly overestimate changes in the production rate. However, results for the climate-
and production-change experiments are reported here in terms of percent change from the
control runs, which should reduce the significance of potential errors in simulated °Be

production.

2.4 Model Validation

We used a fixed SST control run to assess the model’s performance for unperturbed
conditions. As a sensitivity test, we performed a second control run using a 23-layer version
with a higher model top (Schmidt et al., 2006), but as results were very similar, we focus
exclusively on the 20-layer model. The structure of the production function for “Be is
the same as that for '°Be, but with a different amplitude; since "Be observations are more
plentiful, we use both tracers to help validate the model’s ability to simulate beryllium
isotopes.

We compared annual mean surface-air “Be concentrations with observations from 91
locations worldwide; seasonal surface-air "Be concentrations were also compared with ob-
servations from 46 locations worldwide. The Environmental Measurements Laboratory is
the primary source for the real-world data (see (Koch et al., 1996) for references). Also,
"Be observations have been corrected to a mean solar year (as described in (Koch et al.,
1996)) to facilitate their comparison with the control simulations.

Generally, the model succeeds in reproducing the seasonal cycle (figure 2.2), including

the peaks during spring (due to maximum STE). Koch et al. (2006) find that compared
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Figure 2.2: Comparison of seasonal "Be surface air concentrations with data from the
control run. The six sites shown are representative of the model’s overall performance. All
data is from the Environmental Measurements Laboratory except for Braunschweig (from

(Kolb, 1992)).

to the annual mean data, simulated “Be surface-air concentrations are sometimes too low,
however model values tend to be too high at some high-latitude, northern-hemisphere loca-
tions (see Koch et al. (2006), figure 2). High-latitude discrepancies may be due to excessive
STE, while the model’s overall low bas may be attributed to the production function (Koch
et al., 2006), which is low relative to other estimates (Lal and Peters, 1967; O’Brien et al.,
1963; Masarik and Reedy, 1995). Comparison between the model and stratospheric aircraft
data (see (Koch et al., 2006), figure 17) illustrates the importance of the production function
more clearly: at the altitudes associated with “Be production, the model’s atmospheric "Be

concentrations are consistently low (by around a factor of two) relative to the observations.
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Figure 2.3: Comparison of seasonal observations of '°Be surface air concentrations (Zanis

et al., 2003) from Central Europe with output from the control run.

We also compare the model to sparser ’Be data. Surface-air observations from the
STACCATO project (Zanis et al., 2003) were taken at Jungfraujoch, Switzerland and
Zugspitze, Germany (figure 2.3). The model is able to capture elements of the seasonal
cycles at both locations, although the simulated °Be is sometimes too low. The data were
collected during 2000 and 2001, which were years of relatively high solar activity (¢ =
approx. 860-900 MeV, but 750-900 MeV if the previous years are taken into account
due to the effect of the stratospheric residence time) and low °Be production. The solar
modulation was set at 700 MeV in the control run, therefore one would expect simulated
19Be concentrations to be somewhat higher than the observed values. The fact that the

opposite is the case suggests once again that the production function is not strong enough.
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Surface-air '°Be concentrations at South Pole based on six months of data (July-
December 1992, Susan Harder, personal communication) show values of 3.6x10%
atoms/m®, which is smaller than the model’s value of 5.2x10* atoms/m3. Sunspot
counts for 1990-1992 indicate that the solar modulation varied between approximately
750 and 1100 MeV, which may partly explain why the model’s values are higher than the
observations. Another contributing factor may be the convergence of the meridians at the
South Pole, which is likely to make results for that gridbox less representative of Antarctic
conditions than data from other Antarctic gridboxes.

Model results were also compared with aircraft data collected during 1992 and 1993 for
a range of altitudes in the troposphere and stratosphere (Jordan et al., 2003). The aircraft
data are instantaneous samplings, and therefore relationships between data from different
latitudes will have a strong component of variability. Since most samples were taken be-
tween 30° N and 70° N, we highlight zonal mean data from this region in figure 2.4. The
observed values between 40° N and 50° N, though noisy, tend to be somewhat lower than
those between 30° N and 40° N; it is not clear why this is the case since '°Be production
increases going northward, though it may be a function of local meteorological conditions.
From 1992 to 1993, the solar modulation dropped from approximately 750 MeV to 500
MeV. This rapid change, considered along with the high ¢ values in 1990 and 1991, make
comparison with the model results more difficult. The agreement between the observations
and the model data is also limited by the fact that the observations were taken at a wide
range of longitudes while the simulated 1°Be values are zonal averages; there is a degree
of longitudinal variability associated with planetary wave patterns. That being said, the

observed values agree fairly well with the simulated '°Be profiles.
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The model’s simulation of °Be snow concentrations at key coring sites is summa-
rized in table 2.2. The observed values listed are the approximate values from the top of
each core. Because the model has difficulty simulating sufficient accumulation over Sum-
mit, control-run °Be snow concentrations are higher than observed (6x10* atoms/g in the
control run vs. an observed value of approximately 1x10* atoms/g (Yiou et al., 1997)).
Averaging the control-run values of the gridbox containing Summit with the two adjacent
gridboxes to the east and south barely improves the match (5.2x10* atoms/g) despite having
a much better snow accumulation. While modeled snow concentrations match observations
well at Dye 3, Vostok and Taylor Dome, modeled concentrations are significantly too high
at South Pole (consistent with the surface air concentrations mentioned above). The high
19Be snow concentration values at Summit and South Pole are consistent with the model’s
low snow accumulation at these sites, described in Sections 1.2.2 and 1.2.3. Another fac-
tor that may contribute to the differences between the modeled and observed °Be snow
concentrations is the large uncertainty associated with aerosol scavenging by frozen pre-
cipitation. It also is possible that ModelE’s tracer transport may contribute somewhat to
the discrepancies, however we note that low-altitude poleward transport in the GISS model
is more efficient than in other models (Textor et al., 2005); this appears to improve aerosol
distributions at high latitudes (Koch et al., 2006) compared with many previous models
(Rasch et al., 2000). In addition, it is important to acknowledge that the high spatial vari-
ability that characterizes Greenland’s topography and climate reduces the likelihood that
modeled '°Be snow concentrations for a given model gridbox will strongly reflect the con-
tents of a particular ice core (Mosley-Thompson et al., 2001); to a lesser degree, this caveat
also applies to the results for Antarctica. The modeled changes in '°Be are therefore less
significant at the gridbox level and more likely to be useful when considered on a regional
scale. Furthermore, looking at the percent change in snow concentration between the con-
trol and perturbed runs is a more robust method of assessing the model’s performance and

is the main way in which results will be described here.
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ModelE’s ability to realistically simulate a wider, more general range of climate param-
eters for present-day (1979) conditions is discussed at length in (Schmidt et al., 2006). This
same paper also describes the model’s 20-layer version as having the highest skill relative
to two other ModelE configurations (the 23-layer configuration and a 20-layer version with

doubled horizontal resolution).

2.5 Experiments

2.5.1 Solar and Geomagnetic experiments

Various studies (Bard et al., 1997; Steig et al., 1996; Mazaud et al., 1994; McCracken
et al., 2004; McCracken, 2004) have used statistical and mathematical techniques to esti-
mate the degree to which solar and geomagnetic changes are enhanced or suppressed in
high-latitude °Be records while some studies have assumed that there is no latitudinal
variation in fluxes (Muscheler et al., 2004). In order to assess this, we performed one sim-
ulation with reduced geomagnetic field strength (75% of its present-day value) and one
simulation with the solar modulation reduced to its approximate value during recent solar
minima (=500 MeV). Both changes affect global production similarly, about a 10% in-
crease. Geomagnetic changes of this magnitude are expected to take place on millennial
timescales, while the simulated solar changes are around a third of the full maximum to
minimum range. These simulations are intended to show how production changes might
impact '°Be deposition latitudinally, and can be extrapolated for other equilibrium changes.

Figure 2.5 shows percent change in total 1’Be deposition as a function of latitude. The
increase in “Be deposition is not distributed evenly from equator to pole due to the latitu-
dinal difference in production combined with significant mixing across latitudes. Polar de-
position in both hemispheres is enhanced by approximately a factor of 1.2 (percent change

in polar deposition/percent change in global average deposition) in the solar minimum run
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and reduced by a factor of 0.8 in the geomagnetic minimum run. These zonal average

results are reflected in the model’s performance at key coring sites (table 2.2).
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Our solar value is smaller than the enhancement discussed in (Bard et al., 1997) (ap-
proximately 1.25-2.0, when the ratio is taken as described above), however a correction
of their procedure to account for the larger solar modulation for *C compared to °Be
(Masarik and Beer, 1999) implies a slightly smaller range of 1.0-1.6. Our geomagnetic
value is very close to the reduction of 0.75 based on observations from Vostok (Mazaud
et al., 1994). Together these results suggest that the expression of geomagnetic impacts
on 'Be is muted (relative to the global mean) over both polar ice-sheet regions, while
the effects of solar changes are augmented. Atmospheric mixing of °Be from lower lati-
tudes to higher latitudes is clearly implicated as in previous results (Koch and Rind, 1998),
since changes in high-latitude deposition occur despite the fact that the decrease in ge-
omagnetic field strength does not affect °Be production poleward of approximately 60°
latitude (Masarik and Beer, 1999). However, the mixing is not strong enough to remove all

latitudinal variation.

2.5.2 Climate change experiments

In the following sections, we look at how climate affects STE and atmospheric °Be
concentrations in the model. We also examine the response of snow accumulation, °Be
deposition and '°Be snow concentration (total dry and wet deposition divided by accu-
mulation) over the Greenland and Antarctic ice sheets. In all of the climate change runs,
cosmogenic production functions were kept constant consistent with present-day geomag-

netic field strength and mean solar modulation for recent levels of solar activity.

2.5.3 2xCO- experiments

In order to assess the possible climate and transport effects that have influenced °Be

flux during warm periods in the past, we conduct a standard 2xCO, equilibrium simula-
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tion. This allows for a very clear signal-to-noise ratio in the results, and may be compared
directly to another similar experiment (Land and Feichter, 2003).

For this simulation, we ran the model with a mixed-layer ocean (again, keeping '°Be
production constant) and compared the results with the mixed-layer control run. The atmo-
spheric CO, concentration in this run is 560 ppm compared to the control value of 280 ppm,
giving a global radiative forcing of around 4 W/m? and a global mean temperature increase
of 2.7° C. In the model, there is greater warming over land masses and over northern North
America; also, precipitation increases over the intertropical convergence zone as well as
over mid- to high northern latitudes and Antarctica. These changes agree qualitatively with
those reported in numerous other similar experiments (Cubasch et al., 2001).

(Land and Feichter, 2003) found that, in a warmer climate, the transformed Eulerian
mean meridional circulation increases in the stratosphere, while stratospheric °Be concen-
trations decrease. In our simulation, streamfunction values increase between 7% and 35%
throughout the stratosphere, implying an intensification of the Brewer-Dobson circulation.
Beryllium-7’s relatively short half life (compared to !°Be) can be used to evaluate changes
in different loss processes in the warmer climate. Loss of "Be by decay decreases from
71.1% in the control run to 69.3% in the 2xCO, run, implying that less "Be is undergoing
radioactive decay in the stratosphere and more “Be is being transported to the troposphere,
where it is deposited at the surface. We also find that concentrations of °Be (figure 2.6)
and “Be (not shown) in the lower stratosphere decrease up to 49% and 33% respectively
relative to the control run. These reduced atmospheric concentrations, as well as the the
changes in streamfunction and loss by radioactive decay, are all consistent with an increase
in the rate of transfer of beryllium isotopes from the stratosphere to the troposphere, similar

to the results seen in the previous study.
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Figure 2.6: Percent change in atmospheric !°Be concentration for the 2xCO5 simulation

relative to the control run (latitude on x-axis, pressure in mb on y-axis).
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Figure 2.7: Percent change in 1°Be snow concentration for the 2xCO5 simulation relative

to the control run.
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Figure 2.8: Percent change in '°Be snow concentration for the 2xCO» simulation relative

to the control run.
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The reduced tropospheric °Be concentrations seen in figure 2.6 appear to be due to
increased hydrological activity at high latitudes and resulting rainout. Changes in precip-
itation dominate over deposition changes, which comprise small increases and decreases
in total 1°Be deposition over Greenland’s east and west coasts, respectively. Deposition
changes of similar magnitude take place over Antarctica. For both ice sheets, accumulation
increases by 10-50%, and °Be snow concentration drops accordingly by 8-40% (figures
2.7 and 2.8). Beryllium-10 records during warm climates therefore seem likely to be char-

acterized by a “dilution” effect, with only slight modifications due to changes in deposition.

2.5.4 North Atlantic Ocean Circulation Changes

As a counterpoint to the 2xCO, simulation, we look at how the '°Be record might
change in response to a cooler climate forced by NADW changes. The Younger Dryas
(YD) cold event is thought to have been accompanied by an abrupt reduction in NADW
production (Broecker and Denton, 1990; Rind et al., 2001) and is apparent in the GISP2
ice core from approximately 13 to 11.7 kya. In this core, the YD interval is characterized
by a halving of accumulation rate, as well as rapid oxygen isotope and dust concentration
changes (Alley et al., 1993). Beryllium-10 snow concentrations roughly double during this
time (Finkel and Nishiizumi, 1997), in accordance with the reduced accumulation. The
“8.2 kyr event”, a period of cooler Northern Hemisphere climate and hypothesized reduced
NADW, is thought to have been caused by the final meltwater pulse from proglacial lakes
(Barber et al., 1999). This event is characterized by approximately a 20% decrease in
snow accumulation in the GISP2 record (Alley et al., 1997) and a °Be snow concentration
increase of 38% in the GRIP record. This change was calculated by comparing the average
19Be snow concentration from 8.15-8.11 kya (spanning the peak cooling period) with the
average concentration from 8.21-8.16 kya (Yiou et al., 1997). New higher resolution data
(Muscheler et al., 2004) may give a somewhat different result, and so our value should be

seen as indicative, rather than definitive.
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We simulate the YD and 8.2 kyr event using SST and sea-ice parameters fully derived
from coupled ocean-atmosphere model simulations of these events. The SST changes for
the YD scenario were based on a simulation of complete NADW shutdown (Rind et al.,
2001), resulting in cooler SSTs poleward of 40° N with maximum cooling of 7-9° C off
the southeast coast of Greenland. Northern hemisphere sea ice increases from 7-11% with
the greatest increases between 45° N and 75° N. Small sea ice increases (0.6%) also occur
around Antarctica. For the 8.2 kyr event, the SST changes were based on the impact of
a small meltwater pulse from Lake Agassiz (LeGrande et al., 2006), resulting in a 40%
reduction in NADW. The cooling is confined to the north Atlantic with maximum cooling
of 1.5-3.5° C to the south of Greenland. In the northern hemisphere, sea ice increases by
2% with the greatest gains in the same latitudes as for the YD; sea ice changes around
Antarctica are negligible.

During the YD and the 8.2 kyr events, other climatic changes may have occurred
that may or may not have been connected to changes in NADW production, however the
changes in climate and '°Be described in this section are based on model runs that are
forced only with direct impacts of NADW production changes. Furthermore, the reduced
NADW used in our experiments was imposed on a preindustrial climate, which may be
substantially different from the actual climates that preceded the YD and the 8.2 kyr event.
These factors could therefore impact the applicability of our results, which should only be
regarded as the model’s response to NADW changes that may be considered characteristic

of the YD and 8.2 kyr events.

2.5.5 Greenland

The results for Greenland are shown in figures 2.9 through 2.13. Results for the 8.2
kyr run are very similar to those for the YD run and are not shown except for changes

in °Be snow concentration. In the YD run, global mean temperature drops 1° C and
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temperatures over central Greenland drop by 3-5° C. In the 8.2 kyr run, global mean and
Greenland temperature decreases by 0.2° C and 0.5-1.3° C respectively (about 75% smaller
than those in the YD run). Estimates of Greenland cooling associated with the 8.2 kyr
event are based on a 1.5-2.0 change in §'®0 (Alley et al., 1997; von Grafenstein et al.,
1998) and are relatively poorly constrained. The model roughly captures the ratio of the
observed estimated Greenland temperature changes (approximately 3:1) between the YD
(approximately 15° C cooling, (Johnsen et al., 1995; Schwander et al., 1997; Severinghaus
etal., 1998)) and 8.2 kyr event (4-8° C cooling, (Barber et al., 1999)), if not the magnitude
of the cooling.

The model’s lack of success in simulating YD and 8.2 kyr temperatures as cold as
those implied by the §'80 records is reflected in the accumulation and °Be concentration
changes for both scenarios. In the YD run, Greenland accumulation decreases by 12-60%
while total '°Be deposition increase 5-45% over the northern half of the ice sheet and
decreases slightly (5-15%) on the southeast coast. The combined changes in accumulation
and deposition result in snow concentration increases greater than 36% over most of eastern
Greenland, with a 68% increase at Summit — roughly two-thirds of the observed change
of approximately 100% described in (Finkel and Nishiizumi, 1997). Had the simulated
climate over Greenland been colder, it is likely that accumulation would have been further
suppressed and snow concentrations would be closer to the observed values.

Similar changes occur in the 8.2 kyr run: accumulation is reduced by 12-60% while to-
tal 1°Be deposition increases by 2-14% over the southern part of the ice sheet and by 2-18%
over northern Greenland. These changes lead to °Be snow concentration increases of 12-
60% over most of the central and eastern parts of the continent. The simulated changes in
snow concentrations at Summit (23%) are about half as large as the 40% increase observed

in the GRIP record.
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YD - control, % change in total deposition

Figure 2.9: Percent change in total °Be deposition for the YD simulation relative to the

control run.
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Figure 2.10: Percent change in accumulation for the YD simulation relative to the control

run.
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Figure 2.11: Percent change in '°Be snow concentration for the YD simulation relative to

the control run.
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Figure 2.12: Percent change in '°Be snow concentration for the 8.2 kyr simulation relative

to the control run.
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Figure 2.13: Percent change in atmospheric '°Be concentration for the YD simulation

relative to the control run (latitude on x-axis, pressure in mb on y-axis).
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The apparent explanation for the increased '°Be deposition in these simulations are the
cold SSTs off Greenland’s southeastern coast: the cold ocean cools air over the northern
North Atlantic, increasing surface pressure and reducing precipitation. As a result, at-
mospheric '°Be concentrations between 50° N and 90° N increase by 3-21% in the YD
(figure 2.13) and between 3-7% in the 8.2 kyr experiment (not shown). The °Be-enriched
air leads to increased concentrations in wet deposition (snow) and increased dry deposition
over Greenland. This increased deposition combines with reduced snow accumulation to
produce significantly higher snow concentrations.

To see if transport processes in the YD run might have been affected in a way sim-
ilar to that seen in the 2xCO, scenario, we looked at changes in streamfunction, atmo-
spheric concentrations and decay rates. Streamfunction changes are negligible throughout
the stratosphere (£5%). Beryllium-10 concentrations in the stratosphere increase 3-15%
compared to the control run (figure 2.13), however the percent of "Be lost to radioactive
decay increases only modestly, from 71.1% to 71.7%. Collectively, these results imply that
large-scale changes in beryllium advection play a relatively unimportant role in the cold

North Atlantic runs.

2.5.6 Antarctica

Changes similar to those over Greenland take place over Antarctica, though on a smaller
scale; the relative magnitudes of the YD and 8.2 kyr changes are, however, similar to those
over Greenland. Temperatures cool slightly in the YD run, with significant cooling over
Dronning Maud Land (1.4-1.9° C). There are variable increases in !°Be deposition, how-
ever accumulation generally decreases (5-35%) due to the cooler temperatures. Conse-
quently, snow concentration increases 5-35% with small regions of higher concentration
changes (45% and greater) over parts of Dronning Maud Land and near the Ross ice shelf

(figure 2.14). Although '°Be snow concentrations around Taylor Dome decrease in this
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run, concentrations increase on a larger regional scale. This result is consistent with ob-
servations showing that YD '°Be snow concentrations at Taylor Dome exceed preindustrial
levels by approximately 100% (Steig et al., 1998), however changes seen in Antarctica may
be more directly related to the Antarctic Cold Reversal. We would therefore not expect to
capture these changes in a model forced solely with altered NADW production. In the 8.2
kyr run, changes in temperature are not statistically significant, and accumulation and snow

concentration changes are smaller and more variable (figure 2.14).

2.5.7 Volcanic experiments

Explosive volcanic eruptions whose output reaches the stratosphere are typically fol-
lowed by a period of global cooling due to shortwave absorption and longwave emission
of the increased stratospheric aerosol load (Shindell et al., 2003). Since the residence time
for stratospheric aerosols is generally one to two years, the duration of the aerosol-induced
cooling is limited to this timescale. In order to assess whether these short period events
can impact deposition, we analyze data from a hundred-year (10-eruption) simulation and
compare data from the two coldest years following each eruption (20 years total) with data
averaged over the entire simulation. Since we assume that '°Be attaches immediately to
sulfate, the increased amounts of stratospheric sulfate resulting from an eruption do not af-
fect the rate of scavenging in our experiments; additionally we do not account for possible
reductions in settling time due to the potentially larger size of volcanic sulfates.

In the model, the global mean temperature decreases on average by 0.23° C during the
peak cooling period and is associated with a mean radiative forcing over that period of ap-
proximately -1.7 W/m?. Temperatures over Greenland cool by 0.1-0.4° C and accumulation
is reduced over most of Greenland, resulting in a 3-9% decrease in wet 1°Be deposition over
the southern and northern parts of the ice sheet. There is basically no change in dry deposi-

tion, and snow concentration changes are negligible (within +6% of the 100-year average
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values). Changes in atmospheric '°Be concentrations and in the transformed Eulerian mean
streamfunction are also within +6% of average levels (not shown), which implies that any

potential STE changes are relatively unimportant.
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Figure 2.15: Percent change in !°Be snow concentration for the peak years of the volcanic

simulation relative to the 100-year mean.
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Similar changes in deposition and temperature take place over Antarctica: temperatures
cool 0.1-0.6° C and accumulation decreases 3-15% over most of the central and eastern
parts of the ice sheet. The lowered accumulation is accompanied by reduced wet depo-
sition (2-10% less than the 100-year mean), with negligible changes in dry deposition.
However the decreased accumulation has a more dominant effect on snow concentration
changes, which increase 5-15% over parts of central and eastern Antarctica (figure 2.15),
with slightly greater increases at the South Pole (19%). The results collectively suggest that
climate changes associated with volcanism are unlikely to impact Greenland °Be records

significantly, but may have a more variable impact on Antarctic records.

2.6 Conclusions

Model simulations using beryllium isotope tracers were performed to see how changes
in production function and climate may impact °Be flux over polar ice-coring areas. In
the production change experiments, a lower level of solar activity enhances polar “Be de-
position relative to global average deposition (or production) by a factor of 1.2; reduced
geomagnetic activity lowers polar °Be deposition by a factor of 0.8. Both values are sim-
ilar to those inferred in earlier studies (Bard et al., 1997; Mazaud et al., 1994). When
interpreting ice core records, however, one must bear in mind the timescales typically as-
sociated with production-related changes: °Be enhancement associated with geomagnetic
changes is more likely to present itself as a long-term trend extending over centuries or mil-
lennia, while solar changes such as those related with Sporer and Maunder minima appear
to take place over multidecadal to centennial timescales.

In both of the reduced NADW experiments (YD and 8.2 kyr event), the model simulates
10Be snow concentration increases at Summit that are roughly half those seen in the ice core
record, possibly consistent with the underestimated temperature response in Greenland.

The modeled increases in both snow concentrations and atmospheric concentrations are
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accomplished without any change in solar modulation, implying that the observed changes
may not be indicative solely of a solar-forced response (Muscheler et al., 2004). We also
note the relatively linear change in °Be snow concentrations between the YD and 8.2
kyr scenarios, which suggests that while concentration changes seen during the YD are
significant, they should not necessarily be considered the anomalous result of a large-scale
climate shift, but rather part of a continuum that also encompasses the changes seen in the

8.2 kyr simulation.

In the runs with radiative forcings, changes in °Be snow concentrations are dominated
by changes in precipitation: warming in the 2xCO, run leads to a dilution of °Be over ice
sheets, and cooling in the volcanic run leads to lower precipitation and higher snow concen-
trations. The 2xCOs run is characterized by competing increases in both STE and precip-
itation, demonstrating that increased stratospheric transport does not necessarily translate
into increased °Be snow concentration. Conversely, changes in snow concentration are not

always linked to changes in STE, as shown in the YD simulation.

Snow concentration changes over Antarctica appear to be roughly scalable to the de-
gree of radiative forcing. In the volcanic run, the forcing is approximately -1.7 W/m? and
Antarctic 1°Be snow concentrations increase by 5-15%. In the 2xCO, run, the radiative
forcing is approximately 4 W/m? and snow concentrations decrease by 8-40%. These re-
sults suggest a tentative rule of thumb of approximately a 10% change in Antarctic snow
concentration for every 1 W/m? of forcing. The more variable nature of Greenland’s cli-
mate, as well as its much smaller size, is the most likely cause for its exclusion from this

relationship.

Changes in radiative forcing from roughly 1850 to the present have been around 1.6£1
W/m? (of which approximately 0.8 W/m? has not yet been realized (Hansen et al., 2005)).
Temperature change has been around 0.8° C, which is approximately 30% of the change
seen in equilibrium 2xCOs runs. Thus it is conceivable that concentration changes of ~10%

may have occured as a result of 20th century climate change. We stress, however, that
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this remains to be demonstrated in full 20th century transient experiments. More work
is required to understand responses over both ice sheets under various conditions, and to
assess the strength of any potential link between snow concentration and radiative forcing

in general.

Over the course of the 11-year solar cycle, 1°Be snow concentration changes by roughly
+ 10-20% relative to the concentration during an average solar year (or a 40% decrease
from min. to max.) (McCracken et al., 2004; Steig et al., 1996). This response is mostly
larger than the concentration changes seen in the climate perturbation experiments. How-
ever on centennial timescales, 1°Be’s response to longer-term solar variability may be more
comparable to the synchronous climate-related concentration changes. These consider-
ations make it more difficult to ascribe specific causes to changes in the °Be ice core
record, and in particular to distinguish between climate-related and solar-related changes.
Furthermore, if changes in the solar magnetic field are accompanied by changes in solar
output, then a less active sun is likely to result not only in increased °Be production, but
also in climate changes that may significantly enhance the (already heightened) °Be snow
concentrations over ice sheet regions. Interpreting the °Be record without accounting for
possible climate-related changes carries the risk of inferring the existence of solar changes

that are larger than those which actually occurred.

One time period of particular interest is the Maunder Minimum (late 17th century)
during which '°Be snow concentrations increased by ~50% at Dye 3 and ~40% at the
South Pole (1690-1710 CE compared to 1730-1750 CE) (Bard et al., 1997; McCracken
et al., 2004). Reduced sunspot activity and increased volcanism most likely contributed to
significant global cooling at this time. (McCracken et al., 2004) estimate that this period
was characterized by values for ¢ as low as 84 MeV, which correspond approximately to
a 40% increase in global mean '“Be production relative to average present-day conditions.
However, accounting for the cooler climate and the impact of solar activity (including the

response of ozone to UV variability and related dynamic effects (Shindell et al., 1999)) may
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imply that some fraction of the °Be change was climatic. In future work, we hope to be
able to improve the calibration of 1°Be by examining the combined effects of climate and
production-related changes both during the Maunder Minimum and over the course of the
11-year solar cycle. Comparison with observed and modeled “C data from the Maunder
Minimum may also help to distinguish between production and climate-related impacts on
isotope records.

The results presented here are also relevant for longer-term variability. During the
last 10 ky, '°Be snow concentrations at Summit and the South Pole vary from the mean
values by up to approximately +45% (Finkel and Nishiizumi, 1997; Yiou et al., 1997,
Raisbeck et al., 1981) on centennial timescales. Given that there have been significant
changes in greenhouse gases, volcanism and North Atlantic circulation changes over this
period, the associated climatically forced °Be snow concentration changes could therefore
be significant. Further investigation of specific time periods with more clearly defined

forcings will be required to better quantify this relationship.
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3.1 Abstract

Beryllium-10 archives are important resources for understanding how solar activity may
have varied in the past. Climate simulations using the Goddard Institute for Space Studies
ModelE general circulation model are used to calibrate the impacts of production changes,
solar forcings and volcanic aerosol forcing on °Be concentration during periods such as the
Maunder Minimum (1645-1715 AD). We find that for the preindustrial period, production-
related °Be changes are the dominant signal in snow concentration, and that the effects
of both solar and volcanic forcings on climate are relatively minor. Ambiguities in deter-
mining the observed changes in '“Be snow concentration during the Maunder Minimum
complicate the process of estimating changes in the solar modulation strength during that
time. Given those limitations, we estimate that the average value of the solar modulation
parameter ¢ was between 280-395 MeV over the course of the Maunder Minimum, and
was approximately 142 MeV during the years of peak °Be concentration as recorded in

the Dye 3 and South Pole ice core records.
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3.2 Introduction

As the study of present-day climate change continues to evolve, so does the need to de-
velop a more comprehensive understanding of natural climate forcings, including changes
in solar irradiance. The variations in solar output associated with the 11-year sunspot cycle
do not seem to have a strong impact on surface climate (Camp and Tung, 2007; Gray et
al., in press) however the so-called “Grand Minima” — periods of prolonged quiescence in
solar activity which appear to have taken place several times during the past 1000 years
— may have had a greater impact (McCracken et al., 2004). One of the more recent and
pronounced of these periods, the Maunder Minimum (MM), occurred from 1645-1715 AD
(Eddy, 1976; Stuiver and Quay, 1980; Ribes and Nesme-Ribes, 1993; Lean, 2000) and was
characterized by very low sunspot numbers (Hoyt and Schatten, 1998), which has been
assumed to imply a reduction in solar irradiance (of uncertain magnitude) (Willson and
Hudson, 1988; Radick et al., 1990; Foukal et al., 2006). The reduced solar activity during
the MM also coincided with a period of reduced temperatures, increased volcanic activity
and glacial expansion in the northern hemisphere (Overpeck et al., 2004; Jones et al., 1998;
Jones and Mann, 2004; Crowley, 2000; Crowley et al., 2008; Free and Robock, 1999), par-
ticularly during the late MM (approx. 1680-1710, however reconstructed estimates vary as
to when the greatest cooling occurred).

Only satellite data provide direct observations of changes in solar irradiance, but since
such observations are not available during any of the Grand Minima, we must turn to proxy
indicators. Cosmogenic isotopes such as beryllium-10 (1°Be) are particularly useful in this
regard, since their production by high-energy galactic cosmic rays (GCR) is modulated by
the strength of the solar magnetic field (Lal and Peters, 1967; Masarik and Beer, 1999).
(Changes in geomagnetic field strength also affect GCR flux, but generally on much longer
timescales than the decadal or centennial changes associated with solar activity (Muscheler

etal., 2007).) The production of cosmogenic isotopes takes place mainly in the stratosphere
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and upper troposphere, and is the result of spallation reactions between cosmic ray parti-
cles and atmospheric oxygen and nitrogen (Lal and Peters, 1967; McHargue and Damon,
1991). Increases in solar magnetic activity, which are correlated with increases in solar
irradiance over the 11-year sunspot cycle (Lean, 1994; Lean et al., 2002), cause Earth’s
atmosphere to be more strongly shielded from the GCR flux. Such shielding, typically
described using the solar modulation parameter ¢ (Gleeson and Axford, 1968), results in
lower levels of cosmogenic isotope production (Masarik and Beer, 1999; Stuiver and Quay,
1980; McCracken et al., 2004). This inverse relationship is consistent with the relatively
high concentration of '°Be stored in ice core archives during the MM (figure 3.1), when
sunspot activity was persistently low (although the °Be record at Dye 3 shows evidence
of an 11-year cycle during this time (Beer et al., 1990), implying that some kind of solar
modulation was taking place despite the very low sunspot numbers). The high MM °Be
snow concentrations also suggest that reduced solar irradiance may have contributed to the

colder conditions during the MM (Eddy, 1976).

The excellent (annual to decadal) time resolution available with ice-core records
makes °Be data from Greenland and Antarctica the preferred archives for estimating
solar changes over the entire Holocene. There are, however, potential complications
when interpreting '°Be records. In ice cores, °Be is primarily measured in terms of its
concentration per gram of snow water equivalent. Changes in climate (which may affect
wet deposition, dry deposition, atmospheric transport and precipitation — and which may
occur independently of changes in solar irradiance) and changes in °Be production there-
fore both play a role in determining Be snow concentrations. For instance, if reduced
snowfall and increased °Be production occur simultaneously, the 10Be concentrations in
the ice-core record will be higher than they would be due to changes in production alone
(Field et al., 2006; LeGrande et al., 2006). Under such circumstances it could be possible
to infer larger changes in solar magnetic activity and GCR shielding than actually took

place.
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Disentangling solar- and climate-related impacts on °Be ice-core records is particu-
larly relevant for understanding total solar irradiance (TSI) changes during the Maunder
Minimum. The coincidence of such a prolonged solar anomaly with a well-documented
period of northern hemisphere cooling; the timing of these events prior to the onset of
anthropogenic climate change; the recent invention of the telescope and hence the abun-
dance of sunspot observations during the MM; and the existence of several sets of 1°Be
data spanning the time period collectively provide a rich set of resources for interpreting
not only how irradiance changes impact Earth’s climate, but also how climate changes and

production changes are expressed in °Be ice core records.

General circulation models have the capability to play a key role in answering these
questions since they provide the opportunity to vary climate and °Be production inde-
pendently. During the MM, the relevant climate forcings are from the cooling effects of
stratospheric aerosols due to increased levels of volcanic activity, and from direct and indi-
rect changes associated with reduced TSI. In addition to the direct TSI change, capturing
the variability in the UV bands is also important. Satellite observations have shown that
changes in solar UV radiation are significantly larger in percentage terms than changes in
the visible spectrum (Lean, 1994; Lean et al., 1995). They affect the distribution of strato-
spheric ozone over the course of the sunspot cycle and can significantly change the vertical
temperature profile, particularly at low latitudes (Haigh, 1996; Shindell et al., 2006). The
temperature changes may in turn affect the propagation of planetary wave energy and can
impact surface temperature and storminess at high latitudes (Shindell et al., 1999, 2001;
Rind et al., 2007). The effect of these changes on storm track patterns is another mecha-

nism by which solar-induced climate change might affect the °Be record.

In this paper, we vary TSI, ozone, spectral irradiance, stratospheric volcanic aerosols
and '°Be production rates to present a suite of climate simulations spanning a range of
possible MM scenarios. We then examine how the modeled changes in climate and pro-

duction affect °Be at different ice-core locations, and how our results compare with the
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observational record.

3.3 GISS ModelE Description

Our experiments were performed using the latest version of the Goddard Institute for
Space Studies (GISS) ModelE general circulation model (GCM) (Schmidt et al., 2006).
This version of the model has a horizontal resolution of 4° x 5° (latitude x longitude) and
a vertical resolution of 23 layers. The model top is at 0.002 mb, which allows us to simu-
late the full stratosphere. This degree of stratospheric resolution is important, as previous
studies have shown that models without a full stratosphere may misrepresent stratosphere-
troposphere exchange (STE), a significant consideration in this case as approximately half
of all °Be is produced in the stratosphere. Also, models with limited representations of the
stratosphere have been shown to be less skilled at simulating lower stratospheric variability
than models with higher pressure boundaries (Rind et al., 1999). The formulation for the
gravity wave drag is slightly changed from Schmidt et al. (2006) to allow for improved
stratospheric circulation and STE. In general, GCMs tend to have levels of STE that are
higher than the observed values, and, correspondingly, younger ages of stratospheric air.
While the age of air in ModelE’s stratosphere also somewhat younger than observations
(Rind et al., 2007), it is well simulated in comparison to other GCMs (Shindell et al.,
2006).

In all runs, we used the calculated cosmogenic production functions from Masarik and
Beer (1999) (see figure 1 of Field et al. (2006) for climatological plots of wet and dry °Be
deposition). All tracers in the model (including '°Be) are subject to the advection, mixing
and convection processes consistent with the model air mass fluxes. We assume that there
are always sufficient sulfate aerosols available to scavenge the '°Be, and that beryllium iso-
topes attach to sulfate aerosols immediately after production and are 100% soluble. Aerosol

gravitational settling is included, and in stratiform and convective clouds, aerosol species
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are transported, dissolved, evaporated and scavenged according to processes for each cloud
type. The model also allows for faster settling of fine aerosols in the stratosphere, where
the mean free path exceeds the particle radius (Koch and Rind, 1998).

In the boundary conditions near the surface, °Be is handled using the same turbulent
exchange coefficients as the model humidity. The dry deposition scheme, which is based
on the resistance-in-series scheme described in Wesely and Hicks (1977) derived from
the Harvard GISS chemical transport model (e.g. Chin et al. (1996)), is fully coupled to
the GCM processes and makes use of the GCM-assumed leaf area indices, surface types,

radiation, boundary layer height, Monin-Obhukov length, etc. (Koch et al., 2006).

3.4 Experimental Design

To simulate the climate changes that might have taken place during the MM, we per-
formed a suite of model runs to capture a range of possible solar forcings, volcanic changes
and climate responses. The different experiments are summarized in Table 3.1. The yard-
stick for our solar forcing was the spectral and TSI changes between a present-day solar
maximum and solar minimum (1979 and 1986 respectively). There is not a straightforward
relationship between sunspot number and TSI, nor between cosmogenic isotopes and TSI.
Therefore, estimates for how much solar irradiance might have decreased during the Maun-
der Minimum vary widely, ranging from 0.05% to 0.5% (Hoyt and Schatten, 1993; Lean
et al., 1995; Lean, 2000). To address this uncertainty, we performed four sets of experi-
ments to simulate what the solar-related impact on ice-core °Be would be like for a ATSI
equivalent in magnitude to one, two, three, and four times the change from 1979 to 1986.
The ATSI from 1979 to 1986 is 0.075%, which places our 1XxATSI experiments at the low
end of the estimated MM range (Foukal et al., 2006). We simulate the 2x ATSI scenario
using data from 1912 (TSI = 1364.57 W/m?, about a 0.15% change from 1979) (Lean et al.,
2002).
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To simulate the 3xATSI and 4xATSI scenarios, we calculated the 1979-to-1986

changes for TSI, tripled and quadrupled them, and forced the model with the resulting
changes. The same process was also applied to the three UV wavelength bands in the
GCM (100-295 nm, 295-310 nm, and 310-366 nm) that affect stratospheric ozone in
the model, giving an enhanced UV variability compared to the changes in TSI. For the
different amounts of UV changes, ozone concentrations are prescribed according to the
results of previous model experiments involving fully coupled ozone chemistry (Shindell
et al., 2006). Over the UV bands, the radiation changes range from 0.5% to 5.2% for the

3xATSI and 4xATSI runs, with greater varibility at the shorter wavelengths.

For the control scenario, we set 'Be production equal to what it would be for ¢ =
700 MeV, which is the approximate midpoint for solar modulation between present-day
solar maxima and minima (Masarik and Beer, 1999). To simulate the increased production
expected during the MM, we ran the model with ¢ = 500 MeV (the approximate value
observed during recent solar minima) and also with ¢ = 100 MeV, which is comparable to
the MM production value estimated in McCracken et al. (2004) using “Be records from
Dye 3 and South Pole (¢ = 84 MeV); to the average value from 1645-1715 (¢ = 127 MeV)
estimated from *C data in Muscheler et al. (2007); to the value estimated in Vonmoos
et al. (2006) using °Be from the GRIP ice core (¢ = approx. 200 MeV); and to the value
estimated in Steinhilber et al. (2008) based on a composite of three ¢ reconstructions (¢ =

approx. 290 MeV).

Along with solar changes, volcanic eruptions were also an important climate forcing
in the preindustrial period. We performed an additional set of experiments to assess the
possible impact. According to Crowley (2000), the mean negative volcanic forcing between
1660-1690 was about 0.16 W/m? compared to a century later. To simulate the combined
effect of volcanism and TSI changes, we ran the model with a constant stratospheric aerosol
radiative forcing of -0.16 W/m? and ¢ = 100 MeV. We performed these volcanic simulations

with TSI values for 1979, 1xATSI and 2x ATSI. Volcanic aerosol properties are defined as



79

Table 3.1: Maunder Minimum experiments

Run TSI (W/m?) % Change from 1979 Additional forcing

solar max (Sx), 1979 1366.68 -

1 x solar min (1Sn), 1986 1365.65 0.075%

2 X solar min (2Sn), 1912 1364.57 0.15%

3 x solar min (3Sn) 1363.59 0.23%

4 x solar min (4Sn) 1362.56 0.30%

volcanic runs:

0SnV, 1979 1366.68 - -0.16 W/m?2 stratospheric
aerosol forcing

1SnV, 1986 1365.65 0.075% same as above

2SnV, 1912 1364.57 0.15% same as above

in Sato et al. (1993).

For all experiments, we configured the model with a preindustrial atmosphere and a

mixed-layer ocean since the multidecadal duration of the MM would make it possible for

ocean temperatures to respond to potential irradiance changes. In all simulations, a 20-

year spin-up period was used to ensure that equilibrium had been reached for sea-surface

temperatures and for the atmospheric distribution of cosmogenic isotopes. The results for

all experiments were averaged over the 30 years following the spin-up period.

3.5 Climate Response to Solar Forcing

Reconstructions of northern hemisphere (NH) surface air temperature from various

proxies (ice cores, corals, tree rings and other sources) indicate that during the late 17th

century, NH temperatures are estimated to have cooled 0.2 to 0.6° C relative to the 1961-

1990 mean value, and to have changed (with less definitive cooling) from +0.1 to -0.3° C
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relative to the 1850-1900 mean value (Jones et al., 1998; Briffa et al., 2001; Mann et al.,

1999; Briffa, 2000; Overpeck et al., 2004; Crowley and Lowery, 2000). In Europe during
the same time period, wintertime temperatures are estimated to have been about -0.25° C
compared to the 1850-1900 mean (Luterbacher et al., 2004). We performed our solar max.
simulation with a preindustrial atmosphere in order to avoid the effects of anthropogenic
climate change; for this reason, we would expect our simulated cooling to correspond more
closely to the reconstructed temperature estimates relative to the 1850-1900 values, as solar
forcing is a much larger fraction of the total probable forcing relative to 1850-1900 than it
is relative to 1961-1990. The degree of global, NH and European cooling in the different
solar min. runs relative to the solar max. run is shown in Table 3.2. The amount of global
cooling that takes place in the model is fairly linear with respect to the magnitude of the
TSI changes, with approximately 0.11° C of cooling for each multiple of sunspot-cycle
forcing. For the global mean and NH temperature changes, all of the simulated values
fall within the reconstructed range except for the 4Sn run, which is somewhat cooler; for
European wintertime temperatures, both the 3Sn and 4Sn simulations are cooler than the
reconstructed estimates. The temperature changes in these experiments are similar to those
from other MM modeling experiments, such as Shindell et al. (2001) (global mean cooling
of 0.34° C, driven by solar forcing only, approx. 2xATSI). The model used in Shindell
et al. (2001) is an older version than is used here, in particular having lower horizontal
resolution (8° x 10°) and older versions of the climate model parameterizations. Our tem-
perature changes are also comparable to those found in Langematz et al. (2005) (0.86° C
cooling for the NH relative to present-day conditions, forced with greenhouse gas changes
and irradiance changes of about 2.5x ATSI) and Heikkild et al. (2008) (global mean cooling
of 0.7 © C relative to the present day, forced with prescribed SSTs, greenhouse gas changes

and approximately 1.5xATSI).

Around the Mediterranean, simulated temperatures stay the same or warm slightly as

irradiance decreases. This warming is accompanied by small increases in wintertime pre-
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cipitation (up to 0.3 mm/day). The combination of warm, moist wintertime conditions
around the Mediterranean is indicative of the negative phase of the North Atlantic Oscilla-
tion (NAO) — the large-scale dipole of atmospheric pressure that acts as the dominant mode
of winter climate variability over the North Atlantic. The NAO index is typically defined
as the difference in sea-level pressure between Iceland and the Azores, and is described as
being in a negative phase when that pressure gradient is lower than usual. Reconstructions
of the NAO using ice cores, tree rings, documentary evidence and other proxies indicate
that the NAO index was predominantly negative during the MM (Luterbacher et al., 2004;
Appenzeller et al., 1998; Rodrigo et al., 2001). While differences in model configurations
can lead to different degrees of sea level pressure response (Miller et al., 2006; Palmer
et al., 2004), previous modeling experiments have shown a sensitivity to NAO changes
caused by external forcings (Shindell et al., 1999, 2001; Gillett et al., 2002). A comparable
response is seen here, with positive sea-level pressure anomalies on the order of 0.8-3.2
mb over Iceland and negative anomalies of 0.1-1.1 mb over the Azores for decreasing solar

irradiance.

The negative phase of the NAO seen in the model stems in part from the parameter-
ized change in stratospheric ozone associated with the changes in solar irradiance (Shindell
et al., 2006). Because the UV radiation in the solar min. simulations is reduced, temper-
atures in the upper stratosphere are cooler — which, combined with the changes in ozone,
results in radiative cooling up to 2.4° C in both the upper and lower stratosphere. This cool-
ing reduces the equator-to-pole temperature gradient in the lower stratosphere. A reduction
in stability caused by the cooling aloft leads to increased eddy kinetic energy in NH mid-
latitudes. This can lead to changes in planetary wave propagation at higher altitudes and
towards the pole, causing a reduction in the northward eddy transport of zonal momentum
(up to -10 m?/s?). This equatorward momentum transport is accompanied by a weakening
of the NH zonal winds (up to -2.2 m/s) and an increase in the northward Eliassen-Palm

(EP) flux, producing an anomalous EP flux convergence. The EP flux convergence is as-
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sociated with reduced poleward transport of quasi-geostrophic potential vorticity, implying
less positive vorticity at higher latitudes and therefore higher sea-level pressure, which is
consistent with the negative NAO seen in the model results (Shindell et al., 2001).
Overall, the model can simulate the approximate degree of cooling and also the NH sea-
level pressure changes (associated with the negative phase of the NAO) that are thought to
have characterized the climate during the MM. With the exception of the cooling in the
4Sn scenario (which exceeds the estimates of most temperature reconstructions), the range
of the estimates for the reconstructed MM temperatures makes it difficult to select a single

solar min. run as a best match for the MM paleodata.

3.5.1 Climate Response to Volcanic Forcing

The global, NH and European wintertime cooling for the volcanic runs is shown in
Table 3.2. In the global mean and also for the NH, the volcanic forcing used in these ex-
periments is enough to cause temperature changes of about the same magnitude as a single
solar cycle’s worth of TSI forcing. For the European wintertime temperatures, the cooling
in the OSnV run is approximately the same as for the 1Sn run (-0.16 vs. -0.15), however the
cooling in 1SnV and 2SnV is less than the cooling in 2Sn and 3Sn respectively, suggest-
ing that European winter temperatures do not respond linearly to the volcanic forcing used
here. Volcanic aerosols also warm the tropical lower stratosphere, which can affect wave
energy propagation and high latitude response.

Previous experiments with GISS ModelE have demonstrated that volcanic aerosols lead
to a positive phase of the NAO for the winters immediately following an eruption, but also
that the effect of reduced TSI dominates when solar forcing and volcanic forcing are ap-
plied in tandem, leading to a NH climate response similar to that seen during the late MM
(Shindell et al., 2004). In our runs, the phase of the NAO relative to the control is negative

in all three scenarios with volcanic forcing. In the experiments with only solar forcing,
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atmospheric cooling at low latitudes extends from the troposphere to the stratosphere. In
the volcanic runs, the low-latitude cooling is limited to the troposphere, since the aerosols
in the stratosphere absorb solar radiation and create moderate warming aloft. However the
resulting changes in the latitudinal temperature gradient are sufficient to trigger dynami-
cal changes that are basically the same as those in the solar-only runs, demonstrating the
dominance of TSI-related climate changes relative to the effects of moderate, continuous
volcanic aerosol forcing.

In these simulations, the cooling associated with volcanic aerosol forcing and also the
persistence of a negative phase of the NAO suggest that a range of volcanic and solar
changes could have created conditions that match reconstructions of the MM climate. Fur-
ther simulations with longer durations will be needed in order to determine more specific
constraints on how solar and volcanic changes each might have contributed to the observed

climate changes.
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Figure 3.1: '°Be snow concentration at ice-core locations for 1550-1800. Data: Beer et al.
(1990) (Dye 3), Beer et al. (1988) (Camp Century), Beer et al. (1983) (Milcent), Raisbeck

et al. (1990)(South Pole).
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Table 3.2: Model results: surface air temperature changes, relative to Sx run (° C)

Run  Global Mean N.Hem. N.Hem. Land Europe, winter

1Sn -0.14 -0.12 -0.15 -0.15
2Sn -0.21 -0.24 -0.26 -0.30
3Sn -0.30 -0.31 -0.38 -0.41
4Sn -0.44 -0.45 -0.55 -0.53
0SnV -0.12 -0.11 -0.16 -0.16
1SnV -0.21 -0.21 -0.27 -0.22
2SnV -0.31 -0.32 -0.40 -0.30

3.6 ''Be Response to Production and Climate Change

3.6.1 Solar impacts

In our simulations, climate changes resulting from reduced TSI affect the atmospheric
transport of 1°Be in some respects, however changes in '’Be deposition and concentration at
the surface tend to be relatively small. Land and Feichter (2003) found that the transformed
Eulerian mean meridional circulation in the stratosphere increases in a warmer climate, and
that stratospheric 10Be concentrations tend to decrease. Consistently, in our solar min. runs,
we find that transformed streamfunction values decrease by 5-35% in the NH stratosphere
relative to the solar max. scenario. As a result of the changes in stratospheric circulation,
stratospheric '°Be concentrations increase up to 7%, comparable to the increases shown in
figure 2.13.

In both hemispheres, colder temperatures at the surface and increased high-latitude sea
level pressure lead to reduced precipitation over Greenland and Antarctica, which allows

tropospheric concentrations of 1°Be over these areas to increase. Dry deposition of 1°Be at



86

high latitudes increases accordingly, however because of the relative predominance of 1°Be
in wet deposition, the impact of climate changes on total °Be deposition (wet plus dry)
is negligible. (In contrast, Heikkili et al. (2008) show depositional changes in °Be over
Greenland that range from 20 to 200%, however their simulations feature a global cooling
of 0.7 ° C and a change in ¢ from 700 MeV to 200 MeV and so are not strictly comparable.)
The limited impact of solar forcing on our °Be deposition is illustrated in figure 3.2, which
shows the zonal average percent increase in total °Be deposition for the four solar min.
runs relative to the solar max. run (results are shown for ¢ = 500 MeV, which closely
resemble both the results for ¢ = 100 MeV and the runs with volcanic forcing.) Despite
the different levels of solar forcing, the levels of zonal mean deposition change for the four
runs agree with each other within several percent. The higher levels of °Be deposition at
mid- and high latitudes reflect the fact that 1°Be production is greater at those latitudes, and
also indicate the degree to which 1°Be deposition at higher latitudes is representative of the
global average production rate (high levels of atmospheric mixing) or the local production
rate (limited atmospheric mixing). The polar enhancement in °Be deposition relative to
other latitudes (calculated as the percent change in high-latitude deposition divided by the
percent change in solar-related global average production) is approximately 1.3, similar to

previously modeled and estimated values (Field et al., 2006; Bard et al., 1997).

Similarly, figure 3.3 shows the percent change in !Be snow concentration over Green-
land (due only to TSI-related climate changes, not to production change) for the 1Sn, 2Sn,
3Sn and 4Sn scenarios relative to the Sx run (results are shown for ¢ = 100 MeV, which
closely resemble the results for ¢ = 500 MeV (not shown)). Excepting the anomalous
behavior of a few of the Greenland gridboxes (likely due to limitations in the model’s to-
pographical and spatial resolution), there is a consistent pattern of increased °Be snow
concentration over northeast Greenland. However, despite the progressive cooling evident
in Table 3.2, there is no clear trend in the pattern or magnitude of the concentration changes

as TSI decreases. When data are grouped instead by the amount of production change (¢
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=500 MeV and ¢ = 100 MeV) rather than by the amount of TSI change, a clear distinc-

tion emerges. Table 3.3 shows simulated changes in 1°Be snow concentration values at six
coring sites for the two different levels of production change. Data are shown for 1Sn-
4Sn climate forcings, and also for the case of no change in TSI (0Sn). The concentration
changes for ¢ = 500 MeV and ¢ = 100 MeV are closely clustered around low and high val-
ues respectively, with no overlap between concentration values for the two different levels
of production. Changes in production therefore have a much more robust impact on “Be

snow concentration than do TSI-related climate changes for this range of forcing.

In order to quantify the relative importance of production changes and climate changes,
we used multiple linear regression of modeled “Be concentration with respect to ¢ changes
and TSI forcing for the six ice-core locations. The impacts of production change and cli-
mate change were only both significant at one location (Summit); at all other locations,
only production change had a significant impact on “Be concentration. When we per-
formed the same analysis on all Greenland locations collectively, climate and production
both were significant over Greenland, with °Be concentration changing about 9% per 100
MeV change in ¢ and 1.3% for each solar cycle of TSI change. When we analyzed both
Antarctic locations, only production was significant, again with approximately a 9% change

in 1°Be concentration per 100 MeV change in ¢ .

Figure 3.4 summarizes the effects of both production change and TSI-related climate
change for four ice-core locations. Each line shows the percent change in °Be snow con-
centration relative to the control run for a given value of ¢. For the ¢ = 700 MeV data, the
model was forced with TSI changes while “Be production was kept constant. The plots
show how concentration is affected at each level of solar forcing and also for the case of no
solar forcing (only production changes). The changes in concentration for each given value
of ¢ are clear and consistent from location to location: for each plot, 1°Be snow concentra-
tion for ¢ =500 MeV is about 11% greater than the level for ¢ =700 MeV, and the level for

¢ =100 MeV is about 50% greater. However there are no clear trends associated with the
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Figure 3.2: Percent change in zonal mean total deposition of modeled '“Be. All data
shown are for runs with ¢ = 500 MeV, relative to the solar max. run (¢ = 700 MeV),
and all data are 30-year averages. The pattern of change is dominated by the production

change, while climate has little impact on the zonal mean deposition.

effects of solar-related climate change, which in almost all cases are relatively small and

not necessarily monotonic.
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Table 3.3: Percent increase in modeled '°Be snow concentration, experiment - control

(Sx, ¢ = 700 MeV), = 1o.

Run, ¢ Dye3 Camp Century Milcent Summit Taylor Dome S. Pole

OSn, 500 12+3 12+1 12+£2 12+£1 13£+1 13£+1
I1Sn,500 10+£2 14 £1 12+£2 15+1 19+2 18 +1
2Sn,500 16 £2 14 £ 1 14+2 18£1 14£1 12£1
3Sn,500 25+3 12+ 1 12+£2 16+£1 17+ 1 18+ 1
4Sn, 500 16 +2 16 +1 12+2 2241 20+ 1 I5+1
OSn, 100 50=£3 50+1 47+2 50=£1 52+2 52+1
ISn, 100 47 +3 5341 47+2 53 +1 61 £2 59+1
2Sn,100  55+£3 53£1 53£2 57+£2 54£2 511
3Sn, 100 67 £3 50+1 49+2 55+1 57T+2 59+1
4Sn, 100 54 +3 56 +1 49+2 6442 62 +2 54+2
0SnV, 100 65+ 3 5241 57T+2 58+£2 69 £ 1 42+ 1
ISnV, 100 49 +£3 55+1 39+2 52+£2 68 £+ 1 55+1

2SnV, 100 68 £ 3 54£1 48+2 T1+£2 67 £2 511
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Table 3.4: Observed '“Be snow concentration, percent change during the Maunder Min-
imum (1645-1715). For Dye 3, Milcent and South Pole, the 70-year reference period is
1730-1800. For Camp Century, the reference period is 1317-1396. Estimates of the uncer-
tainty in the mean are shown when possible. Data: Beer et al. (1990) (Dye 3), Beer et al.

(1988) (Camp Century), Beer et al. (1983) (Milcent), Raisbeck and Yiou (2004) (South

Pole).
Location 1650-1700 vs. 1550-1600 MM vs. 70-yr ave. MM vs. long-term ave.
Dye 3 10+6 25£5 12+4
Camp Century 36 £ 14 46 + 12 53+9
Milcent 47 + 14 41 + 10 30£6

South Pole 547 307 11+5
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Figure 3.5: Comparison between the percent changes in observed MM '“Be snow con-
centration for the different methods described in section 6 (dotted lines) and modeled °Be
concentration changes (solid squares). The solid line shows the modeled '°Be snow con-
centrations regressed against the associated change in ¢. Key to observed changes in '°Be
snow concentration: 1 = 1650-1700 vs. 1550-1600; 2 = MM vs. 70-year mean, 3 = MM
vs. long-term mean (see Table 3.4). The 22-year value for Dye 3 is as described in section

6. The corresponding changes in ¢ can be read off the verticals.
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3.6.2 Volcanic impacts

The additional impact of volcanic aerosol forcing on simulated °Be is very small com-
pared to the solar-related climate effects: results for the 0SnV, 1SnV and 2SnV runs differ
little from 1Sn and 2Sn runs. The reductions in transformed streamfunction values closely
resemble the changes in the simulations with only solar forcing; the increases in atmo-
spheric °Be concentrations are similar as well (9%). Zonal changes in wet, dry and total
10Be deposition, as mentioned in the previous section, are generally the same as for the
solar-forcing runs, with negligible changes in total deposition regardless of the degree of
TSI forcing. Similarly, although there are consistent increases in 1’Be snow concentration
changes over northeast Greenland (figure 3.3), there is no clear trend associated with the
magnitude of the applied forcing.

Figure 3.4 compares °Be snow concentration changes for the runs with additional vol-
canic forcing (blue line) to the runs with only solar forcing. While the relative changes
in snow concentration are basically the same for the different levels of production change
in the runs with only solar forcing, the volcanic runs follow different patterns, resulting
in 1Be snow concentrations that may be either higher or lower than the concentrations in
the runs with solar forcing alone. For Dye 3, all the °Be concentration values associated
with the volcanically forced runs are higher than the ¢ = 100 MeV solar-forced values. For
South Pole and Milcent, the values for the runs with volcanic forcing are mostly lower,
while at Camp Century, the values for the volcanic runs are nearly the same as the values
for the runs with only solar forcing. Overall, these results suggest that the simulated ef-
fects of combined volcanic and solar forcings do not have a clear signature on large spatial
scales. This effect can also be seen in Table 3.3 if one compares the volcanic data with
the solar data for ¢ = 100 MeV. At four of the six locations, the snow concentration val-
ues for the volcanic runs either contain outliers that are exceptionally low or high relative

to the solar runs (such as the 39% value for 1SnV at Milcent or the 71% value for 2SnV
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at Summit) — or, as in the case of Taylor Dome, the volcanic concentrations are all larger
than the corresponding solar-only values. It therefore seems possible that for the degree
of forcing simulated here, volcanic-related climate effects can potentially have an impact
on multidecadal °Be snow concentrations, which may make it difficult to determine the

concomitant level of TSI change or production change.

3.7 Comparison with ’Be observations

How can these results be used to interpret the observed °Be changes during the MM?
Considering the tracer’s relatively small response to simulated climate impacts, our results
confirm that increased '°Be concentrations during the MM are largely the result of changes
in solar magnetic field strength and attendant cosmic ray modulation. That being said, what
was the likely magnitude of that production change? In order to compare our modeled re-
sults with the ice-core data, we first need to determine the observed change in 10Be snow
concentrations. However given the quality of the observations, there is some ambiguity in
choosing a method for making such a calculation. Table 3.4 shows three ways of estimating
the percent change in °Be snow concentration (relative to specific baselines) for four dif-
ferent ice-core locations. The concentration changes vary depending on whether the MM
values (1) are considered as a 50-year period and compared to the 50-year period 100 years
prior, (2) are compared to a subset of the time series that has the same duration as the MM
(approx. 70 years) but does not occur during (or has relatively little overlap with) other
prolonged solar minima, or (3) are compared to the entire timeseries (which includes the
effects of other Grand Minima (McCracken et al., 2004)).

We also consider a fourth method which was used in McCracken et al. (2004) to es-
timate ¢ during the MM. The authors used data from Dye 3 and South Pole, and at each
location took the average of the highest 22-year means for 1°Be snow concentration during

both the Maunder and Spoerer (approx. 1420-1540 AD) minima. (In the case of the South
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Pole data, the highest 22-year average during the Oort minimum (about 1050 AD) was also
used). If we perform the same calculation and compare the resulting °Be concentrations
to the 70-year reference period (method 2), the changes in concentration at South Pole and
Dye 3 are about 52 £ 12% and 49 £ 8% respectively, resulting in an average change of 51
+ 15%.

With these different estimates, we can compare the production-related °Be changes
from the model in Table 3.3 to the observed changes in Table 3.4 to see what degree of
¢ change best matches the observations. This comparison is shown in figure 3.5. In each
of the four plots, the thick solid line shows the modeled change in °Be regressed against
different changes in ¢ (the modeled values from Table 3.3 appear as solid squares for A¢
values of 200 MeV (for the ¢ = 500 MeV runs) and 600 MeV (for the ¢ = 100 MeV runs)).
The results show the lack of a strong climate signal, with observed percent concentration
change values ranging widely depending on location and also on which method of estimat-
ing the observed '°Be change is used. For the concentration change estimates based on
comparing 1650-1700 with 1550-1600 (method 1), the implied changes in ¢ range from 84
MeV (at South Pole) to 513 £ 228 MeV (at Milcent). For method 3 (MM vs. the long-term
mean of the time series), the estimated ¢ changes range from about 152 £+ 85 MeV (Dye

3)to 611 £ 193 MeV (Camp Century).

As mentioned earlier, McCracken et al. (2004) has estimated that ¢ = 84 + 30 MeV
during the MM, or rather that a change in ¢ of about 616 MeV took place relative to the
approximate present-day average value of ¢ = 700. This A¢ = 616 MeV is larger than
all but one of our estimated ¢ values. However if we recalculate our estimates based on
the 22-year South Pole and Dye 3 averages described earlier, the change in ¢ increases
significantly. Depending on which location we use, the change in ¢ ranges from 543 to
572 MeV. While the relationship in this paper between ¢ and °Be concentration is based
on the modeled changes in '°Be at different ice-core locations, in McCracken et al. (2004)

the same relationship is determined from the flux function described in Webber and Higbie
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(2003) as well as the atmospheric mixing model discussed in McCracken (2004). Despite
the differences between these two methodologies, the A¢ that we obtain are slightly smaller

but comparable to those estimated in McCracken et al. (2004).

Part of the explanation for the discrepancies between our MM ¢ estimates and that of
McCracken et al. (2004) may be due to differences in the amount of atmospheric mixing
assumed in McCracken et al. (2004) compared to the amount of mixing in ModelE. As
mentioned in section 5.1, in our simulations the ratio of the percent change in polar 1°Be
deposition to the percent change in global average deposition is approximately 1.3, which
implies a greater degree of atmospheric mixing that that used in McCracken et al. (2004).
If the McCracken et al. (2004) calculations were repeated allowing for more mixing, it
is likely that the resulting change in ¢ would be smaller and closer to more of our larger

estimates.

Another part of the difference between the ¢ estimates may be related to climate effects.
Horiuchi et al. (2008), Bard et al. (2007) and Muscheler et al. (2007) have highlighted
some of these concerns, particularly those relating to geographical and temporal variability
of snow accumulation, and the effects of that variability on '“Be ice core records. Luter-
bacher et al. (2004); Jones et al. (1998); Briffa et al. (2001) have shown that the late 1600s
and early 1700s were some of the coldest years of the MM, particularly in the NH and Eu-
rope. It is possible that these colder temperatures might have led to reduced precipitation
around Greenland, resulting in higher °Be concentrations in the Dye 3 record for those
years. Such an outcome would be similar to the findings discussed in Field et al. (2006), in
which it was shown that significant reductions in !Be snow concentration can be caused by
climate forcings alone (with no changes in cosmogenic production levels). As mentioned
earlier, we see reduced accumulation in the experiments described here, but no consistent
changes in °Be snow concentration relative to the degree of solar forcing. Nevertheless,
even relatively modest amounts of climate variability, such as those shown in the plots for

Camp Century and Milcent in figure 3.5, could lead to a difference of as much as 50 MeV



98

in estimating the potential MM ¢ change. Also, although the relationship between ¢ and
sunspots is still incomplete, the fact that sunspot counts for 1690-1715 were about the same
or slightly higher than the counts during the rest of the MM suggests the possibility that
local climate changes rather than production changes might have been partially responsible
for the high °Be concentrations at Dye 3 — which, in turn, might lead one to calculate a

larger change in ¢ than what might have been inferred in the absence of climate effects.

We see similar climate impacts in the analysis of our runs including enhanced volcan-
ism. The results for Dye 3 in figure 3.4 show that, on average, volcanic-related climate
effects (blue line) lead to 1°Be concentration changes that are about 10% higher than those
for equivalent runs with no volcanic effects. While this enhancement of the change in
modeled '°Be concentration is not statistically significant, it suggests the possibility that
the effects of volcanic aerosols may have led to higher °Be concentrations at Dye 3 dur-
ing the late MM. Elsewhere, however, such as in the 1SnV run at Milcent (39%) and in
the 2SnV run at Summit (71%), the volcanic- and solar-forced changes in °Be concentra-
tion can be either notably reduced or enhanced relative to the simulations forced with TSI
changes alone. It is possible that the model might have a different response to intermittent
volcanism rather than the constant, sustained, low-level volcanic forcing that we used in
these simulations. Our results suggest that longer simulations are needed in order to clearly

distinguish the effects of volcanic forcing from the weather noise.

In addition to the ambiguities surrounding the methods for calculating MM °Be con-
centration changes and also the potential effects of climate change during that time, other
factors exist that may have contributed to the uncertainties of our results. Regarding the
observations, there is a fair amount of site-to-site variability in the changes we have esti-
mated from the 1°Be concentration data. Local climate effects on Greenland are probably
one of the main causes of the observed variability (Mosley-Thompson et al., 2001). Ad-
ditionally, ice-core dating errors could potentially reduce the agreement between observed

changes from site to site. Such errors can be as large as 2% over the past 1000 years but
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are often smaller and are less likely to be important contributors to the overall uncertainty
(Muscheler et al., 2007). There are also issues relating to various characteristics of the ex-
perimental design, particularly the fact that estimates for the '°Be production rate vary by
as much as a factor of 2 (Lal and Peters, 1967; Oeschger et al., 1969; O’Brien et al., 1963;
Masarik and Reedy, 1995; Masarik and Beer, 1999). However, results here have been re-
ported in terms of percent change from the control run, which should reduce the potential
effect of errors in the magnitude of 1°Be production.

Concerning the GCM itself, there are other considerations such as uncertainties relating
to the model’s climate sensitivity, which we have tried to address by performing simulations
using a range of climate forcings. There are also uncertainties in the degree of TSI change
and volcanic aerosol forcing during the MM. Another potential issue is the model’s ability
to simulate the general climate over Greenland and Antarctica. The quality of model results
in these areas has been a focus of ongoing work, and we plan to continue this by performing
(1) simulations with higher spatial and vertical resolution, which would likely improve
stratospheric dynamics and the consistency of gridbox-level performance, (2) simulations
with a fully coupled ocean and North Atlantic Deep Water cahnges, and (3) simulations
spanning longer time periods, which should help clarify subtler changes such as those

caused by volcanic aerosol forcing.

3.8 Conclusions

Using the GISS ModelE GCM, it is possible to recreate the large-scale features of the
MM climate using both solar forcings and volcanic forcings, or with solar forcings alone. If
both volcanic and solar forcings are applied, the amount of solar forcing required to achieve
a realistic amount of surface cooling is reduced. In the experiments with both conventional
and relatively large values of '°Be production changes and solar forcing, the simulated

19Be snow concentrations are influenced much more strongly by changes in production
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than by TSI-related changes in climate. Additional volcanic aerosol forcing does not have
a straightforward impact on '°Be over large spatial scales, however, further experiments are
needed to better understand the full effects of this type of forcing. In comparing simulated
and observed °Be snow concentration changes, the question of how best to define the
observed MM change in !°Be concentration remains ambiguous. The ¢ estimates based on
the averages of methods 1, 2 and 3 give MM ¢ values ranging from approximately 280 to
395 MeV. If we look the average of the highest 22-year values for Dye 3 and South Pole,
we get an estimate of ¢ = 142 £ 150 MeV. However the range of possible ¢ values inferred
from time-averaging the other parts of the observed '°Be record that could reasonably be
considered representative of the MM suggests that additional analysis and better resolved
data are necessary before a more decisive estimate can be made of how ¢ changed during

the Maunder Minimum.
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CHAPTER 4

MODEL-BASED CONSTRAINTS ON INTERPRETING
20TH CENTURY TRENDS IN ICE CORE "BE

Submiitted to Journal of Geophysical Research

Authors: Christy Veeder and Gavin A. Schmidt

4.1 Abstract

Beryllium-10 ice-core records are useful for understanding solar magnetic field changes
over time, and in particular over the 20th century, during which there are variety of relevant
observations. However, differences between °Be snow concentration records from differ-
ent locations complicate the process of developing a coherent understanding of changes in
cosmogenic isotope production. We use the Goddard Institute for Space Studies ModelE
general circulation model to simulate the production and transport of beryllium isotopes for
this time period. We compare our results with surface air observations, and with ice-core
records from Dye 3, Taylor Dome and South Pole. We find that unforced weather-related
(internal) variability causes modeled trends in °Be snow concentration to vary from the
ensemble mean by 50% and greater at all three ice-core locations. Lower levels of inter-
nal variability at Taylor Dome and South Pole relative to Dye 3 make the simulated “Be
values at these locations better estimates of the associated changes in °Be production. In
contrast, a higher degree of climate-related effects at Dye 3 lead to a modeled °Be snow
concentration trend value that is notably more positive than expected based on the applied
production changes. Overall, the results imply that during the 20th century, !°Be data from

multiple cores are likely to be required to make meaningful inferences about °Be produc-
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tion changes. The model simulations imply that data from Antarctica are likely to be more

robust.
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4.2 Introduction

Understanding the effect of changes in the sun’s activity is an important part of under-
standing Earth’s climate variability, particularly if we want to be able to accurately quantify
the effects of anthropogenic climate change relative to natural variations. Cosmogenic iso-
topes, whose production is linked to variations in solar magnetic activity, can play a key role
in this effort. These magnetic activity changes, which affect the degree to which Earth’s
atmosphere is shielded from galactic cosmic rays (GCR), are correlated with changes in
total solar irradiance (TSI) (Lean, 1994; Lean et al., 2002), and have strong 11-year cycles
(also known as Schwabe cycles). Increased numbers of sunspots result in both increased
TSI and higher levels of GCR shielding (and vice versa during sunspot minima). The phys-
ical relationship between this time-varying solar GCR shielding (usually described by the
solar modulation parameter ¢ (Gleeson and Axford, 1968)) and sunspot activity is still not
completely understood (Muscheler et al., 2005; Mursula et al., 2003). However, the mag-
nitude of ¢ is inversely proportional to the rate of cosmogenic isotope production — hence
the usefulness of these isotopes as proxies for changes in TSI.

Two isotopes in particular, beryllium-10 and beryllium-7, are especially useful in this
regard. The amplitude of "Be’s production changes is somewhat larger than that for °Be,
and there are also differences between the three-dimensional structures of their production
functions, with the "Be/!°Be production ratio varying from about 1.2 at sea level to about
2.6 at the top of the atmosphere (for ¢=600 MV). However, the fact that “Be and '°Be share
the same transport and removal processes makes analysis of the former a useful analog for
understanding the latter. After production in the stratosphere and troposphere, 1’Be and "Be
attach to aerosols and are deposited at the surface after 1-2 years, depending on altitude.
Beryllium-10’s relatively long half life (1.5 million years) makes it well-suited for study
on decadal to millenial timescales, and ice-core records provide a rich natural archive for

this purpose. While “Be’s 53-day half life makes it unsuitable for ice-core study, it is
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much easier to measure, and its concentrations in air are often recorded as part of standard
radiation monitoring programs.

Technological developments have made it possible to infer ¢ values — either from neu-
tron monitor data, ionisation chamber data, or various cosmogenic nuclides — over most
of the 20th century (Beer, 2000; McCracken and Heikkila, 2003). These can be com-
pared with various '°Be ice-core observations from the same time period. However, °Be
snow concentrations from different ice cores (Beer et al., 1990; Raisbeck et al., 1990; Steig
et al., 1996; Vonmoos et al., 2006) often exhibit different features, trends and amplitudes,
which complicate the process of comparing and combining records from different locations
(Muscheler et al., 2007; Bard et al., 1997, 2007). These discrepancies have led to debate
over which 1°Be records most accurately reflect changes in ¢, and by extension, changes in
TSI

General circulation models, with their ability to control climate forcings and cosmo-
genic isotope production, provide a means for studying these questions. To better under-
stand the relationship between ¢ and records of °Be from different ice cores, we perform
ensemble runs to simulate 20th century climate featuring variable '°Be and “Be produc-
tion and forced with transient changes in sea surface temperatures, TSI, and atmospheric
composition. We then look at how the model results compare with recent surface air ob-
servations and 20th century ice-core records, as well as trends in production and snow

concentration at different locations.

4.3 Model Description and Experimental Design

Our experiments were performed using the latest stratospheric version of the Goddard
Institute for Space Studies (GISS) ModelE general circulation model (GCM) (Schmidt
et al., 2006), which has a horizontal resolution of 4° x 5° (latitude x longitude), 23 vertical

layers, and a model top at 0.002 mb. Having the capability to simulate the full stratosphere
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is important as approximately half of all !°Be is produced in the stratosphere, and the
rate of stratosphere-troposphere exchange is crucial for simulating the correct atmospheric
residence time. It is also possible for stratosphere-troposphere exchange to be influenced to
some extent by solar activity (Heikkila et al., 2008). The formulation for the gravity wave
drag is slightly changed from Schmidt et al. (2006) to allow for improved stratospheric
circulation and stratosphere-troposphere exchange [David Rind, personal communication].
The age of the model’s stratospheric air is well simulated in comparison to other GCMs
(Shindell et al., 2006), although it is somewhat younger than observed values (Rind et al.,

2007).

We assume that the beryllium isotopes attach to sulfate aerosols immediately after pro-
duction, and that there are always sufficient sulfate aerosols available to scavenge them.
Beryllium-bearing aerosols are assumed to be 100% soluble. Aerosol gravitational settling
is included, and in stratiform and convective clouds, aerosol species are transported, dis-
solved, evaporated and scavenged according to processes for each cloud type (Koch et al.,
2006). All tracers in the model (including '°Be) are subject to the advection, mixing and
convection processes consistent with the model air mass fluxes. The model also allows
aerosols to settle more quickly in the stratosphere, where the mean free path exceeds the

particle radius (Koch and Rind, 1998).

The dry deposition scheme is based on the resistance-in-series scheme described in
Wesely and Hicks (1977) (derived from the Harvard GISS chemical transport model, e.g.
Chin et al. (1996)). This deposition scheme is coupled to the GCM processes and makes
use of the GCM-assumed leaf area indices, surface types, radiation, boundary layer height,
Monin-Obhukov length, etc. (Koch et al., 2006; Wesely, 1989). The turbulent exchange
coefficients as the model humidity are also used for °Be in the boundary conditions near

the surface.

To simulate the 20th century, we performed two ensembles, each with five runs. In

the first ensemble, we used a preindustrial atmospheric composition and forced the model
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only with time-varying 20th century sea surface temperature (SST) and sea ice values. In
the second ensemble, we included a comprehensive set of forcings: changing atmospheric
composition, transient volcanic eruptions, prescribed SST and sea ice values (the quality
of which degrades going back in time), and annually varying solar irradiance with pa-
rameterized ozone response (Shindell et al., 2006). In both ensembles, we allowed “Be
production to vary annually, based on the reconstructed ¢ values based on *C data from
Muscheler et al. (2007) (figure 4.1). For the cosmogenic isotopes, we used a newer version
of the Masarik and Beer (1999) production scheme. This newer version more accurately
simulates the latitude-dependent production of beryllium isotopes by helium nuclei (alpha
particles), which make up about 9% of the GCR particles responsible for 1°Be production
(Masarik and Beer, 1999; Field et al., 2006). Use of the newer Masarik and Beer (1999)
production scheme results in levels of production that are about 10% higher than those us-
ing the earlier version. For all simulations, the model was run from 1880 to 2000. We used
the first 20 years of each simulation to allow atmospheric °Be concentrations to reach a
state of relative equilibrium, and the results shown in this paper are based on the data from

1900 to 2000.
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Figure 4.1: 20th century estimated ¢ values (derived from '*C data and neutron monitors)

used in the model to drive beryllium isotope production (data: Muscheler et al. (2007)).
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4.4 Evaluation with surface-air data

To evaluate how the model simulates beryllium isotopes under 20th century circum-
stances, we compared the model output with timeseries measurements of "Be air concen-
tration from the Environmental Measurements Laboratory’s Surface Air Sampling Project
(SASP). We compare modeled “Be with measurements from 16 SASP stations that have
at least 20 years of data. Results for the runs with only SST forcings (not shown) were
very similar to those for the simulations with the full set of climate forcings. Figure 4.2
compares the average values of observed "Be with the simulated values from the runs with
full climate forcings. In an earlier set of ModelE experiments, Koch et al. (2006) found
that low-latitude locations tended to have low modeled values of “Be relative to the obser-
vations, with better performance at mid- and high latitudes. Similarly, in our experiments
the low-latitude model values are lower than the corresponding observed values, however
the same is also usually true for the data at midlatitude and polar locations. The overall low
bias may be due to the production function, which, at 0.035 atoms/cm?/s, is low relative to
some estimates (such as 0.0810 atoms/cm?/s (Lal and Peters, 1967), 0.0578 atoms/cm?/s
(O’Brien et al., 1978) and 0.062 atoms/cm?/s (Usoskin and Kovaltsov, 2008)) but higher
compared to the estimates of Oeschger et al. (1969) (0.0185 atoms/cm?/s) and Masarik and
Reedy (1995) (0.0129 atoms/cm?/s).

Figure 4.3 shows the observations as timeseries, at six representative locations, com-
pared with model results for the simulations with the full set of climate forcings. To better
illustrate how the model performs despite the bias towards low values, the timeseries plots
show variability in terms of percent change from the long-term mean, with the seasonal
cycle removed. Solar maxima occurred approximately at 1969, 1980, and 1990, and solar
minima occurred approximately at 1977, 1987, and 1996; therefore we would expect to see
respectively low and high "Be concentrations during those years. These solar-cycle related

concentration changes tend not to be as clearly represented at low-latitude locations (like
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Peru) as they generally are at midlatitude locations (like Canada and New York). This is
expected because of the higher degree of GCR shielding at low latitudes (and because of
the higher levels of "Be production that take place at mid- and high latitudes). While the
model does a good job of simulating the relative magnitude of the production-related "Be
concentration changes at midlatitudes, it is less successful in capturing the more extreme
variability that is evident in the high-latitude observations. Higher levels of observed vari-
ability near the poles may be related to increased "Be production from low-energy solar
particles. These particles can enter the atmosphere more easily at high latitudes, where
magnetic shielding is weaker, and are often associated with the solar flares that often char-
acterize the descending limb of the solar cycle (Lal and Peters, 1967; Koch and Mann,
1996). Overall, however, the model does a fairly good job of reproducing the variability of
"Be surface air concentrations, suggesting that the model adequately simulates the trans-
port of "Be and '°Be, even if the absolute magnitudes of the airborne isotopes are biased

low.
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Figure 4.2: Average values for "Be air concentrations at SASP locations, except for
the Peru, Lima site for clarity (observed value: 13.34 mBq/SCM; model value: 0.98

mBg/SCM. 1 Becquerel = 1 nuclear decay per second.).



Figure 4.3: "Be air concentrations at SASP locations: variabilty in terms of percent change
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4.5 Comparison with '°Be ice-core records

In this section, we compare ice-core data from Dye 3 (Beer et al., 1990) and South
Pole (Raisbeck et al., 1990), and firn-core data from Taylor Dome (Steig et al., 1996), with
data from the corresponding model gridboxes. Since the observations are given in terms
of 1°Be snow concentration, we calculate the modeled snow concentration values from the
simulated snowfall and °Be deposition output. Table 4.1 compares observed and modeled
snow concentrations at each of the three locations, averaged over the years covered by the
observations (1900-1984 for Dye 3, 1922-1994 for Taylor Dome, and 1906-1982 for South
Pole). The three data sets collectively cover nearly all of the 20th century, however their
overlap period is smaller, spanning the 60 years from 1922-1982. The time resolutions for
the three time series also vary: observations at Dye 3 are given on an annual basis, while
at Taylor Dome observations are given approximately every 2-3 years, and at South Pole
approximately every 6-10 years.

Unlike the general bias toward low model concentrations discussed in the previous sec-
tion, the modeled '°Be snow concentrations at Dye 3 and Taylor Dome are both very close
to but slightly higher than the observed values. At South Pole, however, the simulated con-
centrations are significantly higher than the observations. While the tendency towards high
snow concentrations at South Pole was also the case in earlier work with ModelE (Field
et al., 2006), the opposite is the case with the "Be surface air concentrations discussed in
the preceding section: 1.52 mBq/SCM in the model vs. 4.21 mBq/SCM in the observa-
tions. The fact that the snow concentrations are high (despite the relatively low surface air
concentrations) is mainly due to insufficient snow accumulation in the model. At South
Pole, the average 20th century snow accumulation is approximately 1.8 cm/yr (snow water
equivalent), lower than the observations, which range from approx. 5 cm/yr to approx. 10
cm/yr (Bromwich, 1988; Mosley-Thompson et al., 1995; Monaghan et al., 2006; van der

Veen et al., 1999). Model performance is better at the other two locations: the average
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simulated accumulation at Dye 3 is about 60 cm/yr — in good agreement with the 56 cm/yr
estimate based on data from 1979-1981 (Vinther et al., 2006) and with the 45 cm/yr es-
timate based on data from 1976-1997 at North Dye 3 nearby (Mosley-Thompson et al.,
2001). At Taylor Dome, the model average is about 16 cm/yr — larger than the approx.
1-12 cm/yr estimate based on ground measurements from 1992-1996 (Morse et al., 1999)
and the approx. 7 cm/yr based on firn-core estimates from 1954-1964 (Steig et al., 1998),
but more comparable to the approx. 12-14 cm/yr estimate based on satellite data (Morse
et al., 1999). Additional discussion of the model climatology can be found in Field et al.

(2006) and Field et al. (2009).

Here we normalize our results and the observations by the long-term average value for
each location in order to illustrate more robustly the nature of the changes. Figure 4.4
shows Be snow concentration over time at the three locations. The plots show the five-
run average for the model runs with the full set of climate forcings, as well as the minimum
and maximum simulated values from the ensemble (results for the simulations with SST
forcing only were very similar and are not shown here). For Dye 3, the observations and
model results are smoothed with a 3-point binomial filter. For Taylor Dome and South Pole,
the modeled data have been averaged over the same time intervals as those inferred for the
observations. The top panel of figure 4.4 also shows the years of observed solar minima and
maxima, according to international sunspot counts: each plus and minus symbol marks the
year after the observed sunspot maxima and minima (respectively), in order to account for
10Be’s approximate 1-year atmospheric residence time. The minima and maxima indicated
here do not necessarily occur simultaneously with the years of minimum and maximum
¢ values, however they provide a qualitative indication of when those production changes
occured. Table 4.2 also shows the minimum and maximum values for both the model data

and the observations at each core site.

The 5-run averages can be considered an estimate of the expected climatological depic-

tion of changes in °Be snow concentration, while the observations are most analogous to
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the results of a single model run. We would therefore hope that the observations fall within
the envelope of the minimum and maximum simulated values. Despite some small excur-
sions, this is largely the case for Dye 3. The 11-year solar signal is also visible for most of
the record (though somewhat less so from about 1930-1950) and the associated peaks and

troughs in the simulated °Be generally correspond well with those in the observations.

In the plot for Taylor Dome, the model’s aforementioned tendency towards lower levels
of high-latitude variability is more apparent, with the observations extending both above
and below the envelope of the maximum/minimum values at several points in the record.
This smaller range of simulated variability can also be seen in the differences in amplitude
between the model and observations for sunspot minima (for instance, the minimum around
1977) and maxima (around 1980). Another characteristic of the Taylor Dome record is
that the model’s production-related peaks and troughs sometimes lag slightly behind the
observations, such as around 1934 and 1971, however we note that some uncertainty in the
timescales cannot be excluded. This lag may also be partially caused by the local increase
in production due to low-energy solar particles during the descending limb of the solar

cycle (Koch and Mann, 1996).

The data for South Pole are characterized by a somewhat different set of features than
those at Dye 3 and Taylor Dome, perhaps most notable of which is the lower number of
observations. As a result, the 11-year solar cycle is obscured at South Pole compared with
the data at the other two locations. The downward trend in the simulated South Pole “Be
is stronger than in the observed values, however for the most part the observations fall
within the maximum/minimum envelope of the model results. The main exception to this
is the large peak in the observations corresponding to the solar minimum around 1977.
This feature is also quite pronounced in the Taylor Dome observations but less so at Dye
3, suggesting that anomalous regional weather conditions (for instance, low snowfall over
Antarctica, but average conditions over Greenland) might have played a role at this and

other points in the ice-core record.
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As mentioned earlier, we have focused our discussion on '°Be snow concentration since
these are the values directly measured from the ice cores. While it is also possible to discuss
19Be changes in terms of total deposition, this approach is not necessarily advantageous
since it requires making estimates of the accumulations rates in the different ice cores
and introduces added uncertainties. Furthermore, even if the accumulation rates could
be estimated accurately, that does not ensure that the resulting °Be deposition rate data
provide a better indication of solar-related production changes, since 1°Be deposition, like
snow concentrations, can also be influenced by climate-related factors (Field et al., 2006;
Alley et al., 1995). With that in mind, we show modeled snow accumulation and 10Be
deposition values in figures 4.5 and 4.6, to provide a qualitative idea of how these processes
impact the simulated snow concentration values. Figure 4.6 show downward trends in 1°Be
deposition that are very similar over time at all three locations, in keeping with the applied
¢ forcing shown in figure 4.1. The alternating high and low values in the deposition data
also correspond respectively with the low and high ¢ values associated with the 11-year

sunspot cycle.

However, trends in snow accumulation rates vary from site to site (figure 4.5). At Dye
3, the downward trend in '°Be snow concentration is largely caused by the downward trend
in 1°Be deposition, despite variable accumulation rates. Accumulation plays a more signif-
icant role at Taylor Dome, where °Be snow concentration values more closely resemble
the accumulation rate timeseries. At South Pole, Mosley-Thompson et al. (1999) observed
increases in snow accumulation from between 1965 and 1999. In the modeled South Pole
data, there is a century-long upward trend in accumulation (approximately a 20% increase
between 1900 and 2000), and also a downward trend in '°Be deposition, both of which

contribute to the negative trend in °Be snow concentration at that location.

Since the observations at the three locations vary substantially in terms of time res-
olution, we wanted to get an idea of the timescales on which we might expect them to

correlate. For each ensemble member we correlated the '°Be snow concentration time-



116

Table 4.1: Average '°Be snow concentrations + 1 standard deviation. Modeled values
are ensemble averages. Units are 10* atoms/g water. Note: the estimates of the standard
deviations are relative to the different time resolutions for the three data sets; the standard

deviations for the modeled data also take these resolution differences into account.

Dye 3 Taylor Dome  South Pole

observations 79 £+ .15 1.77 £ 48 3.36 + 42
all forcings 1.25+.19 255+ .34 11.34+£1.36
SST forcing only 1.19 £.18  2.51 £ .33 11.24 +1.57

series between locations; we then smoothed the records with a 3-point binomial filter and
correlated them a second time; then we repeated the process and correlated them a third
time. Taylor Dome and South Pole were the only pair of locations for which all ensemble
members were significantly correlated without smoothing, implying that relative proxim-
ity between ice cores leads to better correlation. For Dye 3/Taylor Dome and Dye3/South
Pole, the high correlation values for some ensemble members do increase when successive
filters are applied. However, for these multidecadal timescales, we do not see a notable
increase in the significance of the correlation for the lower values as a result of smoothing
(or successive smoothing). We take this to indicate that smoothing does not necessarily
lead to a considerable improvement in the correlation of snow concentration records from

different locations, at least over the course of the 20th century.



Table 4.2: Normalized minimum and maximum '°Be snow concentrations over the 20th
century. Modeled values show the minimum and maximum values for the ensemble with

the full set of forcings.

Location observed min. observed max. modeled min. modeled max.
Dye 3 0.54 1.50 0.49 4.99
Taylor Dome 0.47 1.67 0.68 1.44

South Pole 0.87 1.25 0.75 1.38
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Figure 4.4: Observed '°Be snow concentrations (black line) and the five-run modeled
ensemble average concentrations (red line). The dotted orange lines show the minimum
and maximum values over time for each ensemble. The minus and plus symbols denote

the years of solar minima and maxima respectively, based on international sunspot counts.
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Figure 4.5: Snow accumulation at the three core sites, normalized by the 20th century

average value at each location.
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Figure 4.6: Total '°Be deposition, normalized by the 20th century average value at each

location.
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4.6 Trends in \’Be snow concentration

Figure ?? shows the percent change in snow concentration per decade at the ice-core
locations with respect to the 20th century average values. Since the results for both the
ensemble with SST forcing only and the ensemble with the complete set of forcings are
so similar to each other, we combine all ten ensemble members to calculate the average
modeled 20th century trends shown in table 4.3. The green circles in figure 4.7 also show
the expected percent change in 1°Be deposition at each location based on the years covered
by the observations. We calculated these expected deposition changes from the trends in
19Be production, which were forced by the ¢ values shown in figure 4.1. Previous work
has shown that because of the increased levels of °Be production at high latitudes, when ¢
is reduced, global average production increases — however a greater increase in '°Be depo-
sition takes place at latitudes higher than 60° (Field et al., 2006). This additional increase
in high-latitude deposition is described by the polar enhancement coefficient (PEC) and its
value is about 20%. We calculated the trend in 20th century global average °Be production
and multiplied it by the PEC to get the expected high-latitude deposition changes, shown
by the green circles. The expected deposition changes at all locations agree with each other
statistically, and all three fall within the uncertainties of the observed concentration trends.
The expected deposition trends are slightly different due to the differences in time period
relevant for each core.

With the exception of two ensemble members at Dye 3, the modeled trends for all runs
as well as the average trends at each location are negative, consistent with the changes in
¢ over the course of the century. However the fact that the observed trend at Taylor Dome
is positive (though small) indicates the possibility that climate or weather variability can
substantially alter the production signal, and also that two records from the same ice sheet
can imply different trends in ¢. (Although given the very large error bars on the trends

at Taylor Dome and South Pole, the observed trends at all three locations agree with each
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other within two standard deviations.)

The modeled trends at the two Antarctic locations closely resemble each other both
in terms of range and magnitude. Half of the trend values at Taylor Dome and all of
the values at South Pole are in statistical agreement with their respective observed trends
(again, however, the sizeable error bars at these two locations diminishes to some degree
the robustness of this agreement). We also looked at the correlation between locations for
all ten of the simulated trend values. Although trends at Taylor Dome and South Pole were
somewhat more highly correlated with each other than with Dye 3, none of the trends at
each site were significantly correlated, implying that much of the variance seen in the model
results in figure 4.7 is simply due to internal unforced variability. These characteristics
collectively illustrate that century-scale trends in modeled '°Be snow concentration can be

systematically different at different locations.

For the more highly sampled Dye 3 record, none of the simulated concentration trend
values fall within the error bars for the observations, and all are less negative than the
observed trend. Also, the range of the simulated trends at this location is much greater
than at Taylor Dome or South Pole. The size of the range of the trends for the modeled
Dye 3 data and for the Antarctic locations suggest that, in the model, the impact of internal
variability has a larger expression at Dye 3. Although internal variability plays a smaller
role at Taylor Dome and South Pole, the concentration trends for the individual ensemble

members at those locations can vary by up to approximately 50% from the mean value.

At least some if not most of the modeled trend values agree with the expected deposi-
tion trends at each location — however at Dye 3, the average concentration trend is notably
more positive than the expected production trend. Since climate change and production
change are the only two factors affecting '°Be snow concentration in these experiments
(once weather is averaged out), we can infer that the difference between the mean mod-
eled concentration trends and the expected production-related trend is caused by climate

change. Figure 4.7 therefore shows that modeled climate effects at Dye 3 minimize the an-



123

Table 4.3: Average modeled trends in °Be snow concentrations 4 1 standard deviation.
Modeled values are averaged over both the runs with all forcing and the runs with SST
forcing only. Units are in percent change per decade with respect to the 20th century

average value.

Data Dye 3 Taylor Dome  South Pole
Years 1900-1984 1922-1994 1906-1982
observations -487+1.33 404758 -282+11.61
model -0.82+ 142 -356+£142 -455+1.03

expected change from -3.87 £091 -340+0.75 -3.97+£1.12

production alone

ticipated production change signal. As for Taylor Dome and South Pole, the greater overlap
between the closely clustered trend values at these locations and their respective predicted
deposition changes implies that modeled °Be snow concentrations at these locations are

perhaps better proxies for changes in ¢.
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Figure 4.7: Trends in 20th century '°Be snow concentration and production. Black
squares show the trend in the observed 10Be concentrations (data: Beer et al. (1990) for
Dye 3; Steig et al. (1996) for Taylor Dome; Raisbeck et al. (1990) for South Pole.) The
colored triangles (ensemble members with all forcings) and stars (ensemble members with
SST forcing only) show the trends in modeled '°Be concentration. The green circles show
the expected percent change in total '"Be deposition at each location based on the changes
in 1°Be production (¢) and the expected polar enhancement. All confidence intervals cover

two standard deviations.
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4.7 Conclusions

We have shown that on interannual and decadal timescales, the relative variability of
beryllium isotopes simulated with the GISS ModelE GCM agrees well with changes in
observed surface air concentrations, despite the low bias of the modeled "Be in surface air
with respect to the observations.

In comparison with the °Be ice-core records, the model is generally successful at sim-
ulating 1°Be snow concentrations over time. It is somewhat more difficult to evaluate how
well the model performs at South Pole because of the large sampling interval in the data
and the poorly simulated accumulation rates. Improved time resolution in the 1°Be record
at this location would be especially helpful in making further analysis. That being said,
in terms of agreement between snow concentrations from different core sites, the model
results suggest that during the 20th century geographical closeness seems to have a greater
impact on correlation than does the use of smoothing functions, or successive smoothing.

At Taylor Dome, the observations show that it is possible to get local trends in 20th
century “Be concentration that are different from the trends suggested by changes in pro-
duction, based on the relatively well-constrained inferred ¢ values.

The low levels of correlation between the modeled concentration trends at different
locations suggest that internal unforced variability is the main cause for the differences
in snow concentration trends from location to location. While internal variability affects
all three locations, the relatively narrow range of modeled concentration trends at Taylor
Dome and South Pole — and the good agreement between their concentration trends and the
corresponding ¢ changes — suggest that, in the model at least, Antarctic locations are more
accurate proxies for changes in cosmogenic isotope production on multidecadal timescales
during the 20th century. The relatively broad range of simulated concentration trends at
Dye 3 shows that climate changes at this site make it possible to get modeled trends in

20th century '°Be snow concentration that are notably smaller in magnitude than what
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one would expect based on the applied changes in ¢. However the fact that the observed
concentration trend at Dye 3 is actually more negative than the production trend suggests
that there are shortcomings in the way the model simulates °Be over southern Greenland,
and perhaps over broader areas of the Greenland ice sheet as well. Since the 20th century
climate forcings used here are relatively well constrained, it is more likely that the problem
lies with the model itself. Future work with higher spatial resolution and improved model
physics will allow us to further investigate these issues.

Note: The simulated cosmogenic isotope data used in this article can be downloaded

from www.giss.nasa.gov.
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CHAPTER 5

SHORT TERM PRODUCTION AND SYNOPTIC
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5.1 Abstract

Variations of the cosmogenic radionuclide “Be in the global atmosphere are driven by
co-operation of processes of its production, air transports and removal. We use a combina-
tion of the Goddard Institute for Space Studies ModelE and the OuluCRAC:7Be production
model to simulate the variations in the "Be concentration in the atmosphere for the period
from 1st January to 28th February 2005. This period features significant synoptic variabil-
ity at multiple monitoring stations around the globe, and spans an extreme solar energetic
particle (SEP) event that occurred on January 20. Using nudging from observed horizontal
winds, the model correctly reproduces the overall level of the measured “Be concentration
near ground and a great deal of the synoptic variability at timescales of 4 days and longer.
This verifies the combined model of production and transport of the "Be radionuclide in
the atmosphere. The impact of an extreme SEP event on January 2005 is seen dramatically
in polar stratospheric “Be concentration but is small near the surface (about 2%) and indis-
tinguishable given the amount of intrinsic variability and the uncertainties of the surface

observations.
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5.2 Introduction

As modern atmospheric air transport models achieve higher level of sophistication, their
testing and evaluation becomes increasingly important (see, e.g., Sect. 8.1.2 of IPCC,
2007). Testing of air transport models can be done by measuring the concentration of
tracing substances with known sources and comparing them with model predictions. At-
mospheric dynamics in the troposphere can be tested in this way using anthropogenic (ra-
dioactive, e.g. the Chernobyl accident, or chemical) or natural (e.g., volcanic eruptions)
traceable pollutant emissions. The tracing method is more difficult to apply for the strato-
sphere (e.g., Rind et al., 1999). Here we present a new quantitative method to probe the
atmospheric dynamics using the short-lived cosmogenic isotope "Be as a tracer of air mass.
Since it is produced mainly at mid- and high latitudes and mostly in the stratosphere, this
tracer is useful for looking at stratosphere-troposphere exchange and also for horizontal
transport, and it can also be used as a tracer for aerosol removal processes. The poten-
tial usefulness of this cosmogenic tracer was first highlighted long time ago (e.g., Lal and
Peters, 1962; Raisbeck et al., 1981; Koch and Rind, 1998) but now its potential can be
explored to much greater extent. The method of cosmogenic tracers is applicable for all
locations and times, particularly at high latitudes (Koch and Rind, 1998; Aldahan et al.,
2001; Jordan et al., 2003; Koch et al., 2006).

Cosmic rays, which are highly energetic nucleons (mostly protons and « particles) of
extra-terrestrial origin, continuously bombard the Earth’s atmosphere, resulting in various
physical and chemical effects (see, e.g., Dorman, 2004). In particular, quite a number
of different radioactive isotopes are produced as a byproduct of nucleonic-electromagnetic
cascades initiated by cosmic rays in the atmosphere. One of them is the short-lived radionu-
clide "Be (half-life T, o ~53.22 days), which is a product of spallation of atmospheric O
and N nuclei caused by the nucleonic component of the cosmic ray-induced atmospheric

cascade. An important advantage of this nuclide is that its concentration in the ambient
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air is easy to measure (see Sect. 5.3.1). Accordingly, data on routine "Be measurements
near the ground (typically with weekly resolution) have been performed at different sta-
tions around the world for the last several decades, in the framework of radiation safety
monitoring and emergency preparedness. It is important to note that cosmic rays are the
only natural source of the isotope in the absence of anthropogenic nuclear accidents whose
detection is the main purpose of the world-wide monitoring. Atoms of "Be become quickly
attached to atmospheric aerosols, picked up by air masses and thus can trace them. The
isotope’s life-time is, on the one hand, long enough to allow for long-distance transport
(both horizontally and vertically), and on the other hand short enough to prevent long-term
accumulation of the isotope in large reservoirs (which would lead to a complicated global
cycle). Accordingly, the isotope’s transport is quite straightforward and provides a good
opportunity to examine the dynamics of air masses on the time scale of days to months
(e.g., Koch et al., 1996; Liu et al., 2001; Jordan et al., 2003; Yoshimori, 2005a; Kulan et al.,
2006). However, insufficient knowledge of the details about the isotope’s production and
transport, in particular the lack of a quantitative reliable production model, had limited
earlier works to correlative studies and use of the isotopic ratio “Be/!°Be. An appropriate
model with special emphasis on the production of “Be by cosmic rays in the atmosphere
has recently been developed: the OuluCRAC:7Be (Cosmic Ray induced Atmospheric Cas-
cade) model (Usoskin and Kovaltsov, 2008). This model makes it possible to numerically
simulate the full details of the isotope’s production in the low and middle atmosphere. Now,
the output of the 3D (geographical coordinates, altitude) and time “Be production model
can be used as an input for an atmospheric circulation model, which can predict the ex-
pected concentration of “Be in air at any location and time. These predicted concentrations
can be directly compared with the isotope measurements performed regularly in different

sites around the world.

While galactic cosmic rays (GCR) are always present in the Earth’s environment, ad-

ditional sporadic fluxes of solar energetic particles (SEP) can occur due to solar eruptive
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phenomena (solar flares or coronal mass ejections), leading to transient changes in the
"Be production. A severe SEP event, one of the strongest ever observed (Plainaki et al.,
2007), occurred during the period under investigation, on January 20, 2005 leading also
to an observable atmospheric response (Mironova et al., 2008). According to the model
computations (Usoskin and Kovaltsov, 2008), production of “"Be was greatly enhanced in
polar/sub-polar regions (geomagnetic latitude above 60°) in the entire atmospheric column
during that day without any significant effect in the following days. Therefore, a strong in-
stantaneous “injection” of “Be trace atoms took place in a limited geographical area leading
to a potentially observable effect in the measured “Be concentration.

In this paper we perform such a comparison using the OuluCRAC:7Be model of "Be
production, the Goddard Institute for Space Studies (GISS) ModelE atmospheric general
circulation model (GCM) (Schmidt et al., 2006) and a series of daily measurements of the
"Be concentration in near-surface air at different sites. For the detailed analysis we have
chosen the period of January-February 2005, which includes the SEP event mentioned
above. The studied period corresponds to the middle of boreal winter/austral summer. Six
"Be monitoring stations in the Northern hemisphere and five in the Southern hemisphere
(see Table 5.1), ranging from the tropics to the polar region, provided daily data during the

period under investigation.

5.3 Models and data

5.3.1 Measurement

The "Be measurements used here have been collected by sampling stations of the In-
ternational Monitoring System (IMS) of the Comprehensive Nuclear Test Ban Treaty Or-
ganization (CTBTO). Additionally one station (HEL) from the Finnish national radiation

monitoring system was used. The experimental data from the IMS are collected by the
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Table 5.1: "Be measuring sites used in this study

Code Location Coordinates
Northern hemisphere
SEP63  Stockholm (Sweden) 59.38°N 17.95°E
HEL  Helsinki (Finland) 60.21°N 25.05°E
CAP15 Resolute (Canada) 74.71°N 95.0°W
CAP16 Yellowknife (Canda) 62.47°N 114.47°W
DEP33 Freiburg® (Germany) 47.9°N 7.9°E
USP72 Melbourne (Florida, U.S.A.) 28.1°N 80.6°W
Southern hemisphere
AUPO4 Melbourne (Australia) 37.7°S 145.1°E
AUPO9 Darwin (Australia) 12.43°S 130.9°E
AUP10 Perth (Australia) 31.9°S 116.0°E
NZP46 Chatham Island (New Zealand) 43.82°S 176.5°W
NZP47 Kaitaia (New Zealand) 35.07°S 173.3°E

* Elevation 1208 m a.s.l.

CTBTO in an international data center in Vienna, Austria (Bratt, 2001). All the participat-

ing national organizations have access, via national data centers, to the raw measurement

data recorded at every other station around the world. The IMS data used in this study

has been obtained via the Finnish national data centre (FiINDC) at the Finnish Radiation

and Nuclear Safety Authority (STUK). FINDC and the Finnish radiation monitoring sys-

tem analyzes the data using Unisampo and Shaman software in almost identical automated

analysis pipelines, feeding LINSSI (Linux System for Spectral Information) databases (Un-

gar et al., 2007; Aarnio et al., 2008; Ala-Heikkild, 2008). Every measured spectra in the
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LINSSI database is analyzed in the same way thus ensuring that the analysis method does
not cause any uncertainty between the results from different stations. The only station-to-
station uncertainty in the final results comes from sampling and measurement procedure.
For all the data used in this study, the necessary permissions to use the data have been
obtained from the corresponding national authorities in the countries hosting the IMS sta-

tions.

The concentration of "Be is measured in aerosol samples routinely collected at each
station, using a high volume collector. Aerosols are captured by microfiber glass filters
(pore size 1-2 pm) with very high retention capability (about 98% of the aerosol parti-
cles are captured). While the type and manufacturer of the sampler may vary between
individual stations, they all fulfill the same basic requirements necessary for each station
(Mathews and Schulze, 2001; Medici, 2001). During the collection of the sample, air is
pumped through a fiberglass filter where the aerosols are captured. The sampling volumes
may vary between 15,000 and 25,000 m? of air per collected sample. The air volume is
measured with a flange and pressure gauges where measured air volume is affected by
air pressure and moisture. The requirement for air volume uncertainty for the CTBTO
IMS stations is 5 % (Medici, 2001). The uncertainty varies between station types, e.g.
the uncertainty of air volume measurement at HEL station is £2.5 % [Lehtinen J., Senya
Oy, personal communication, 2008]. The sampling cycle is divided into three periods —
collection, cooling down and measurement, with each period lasting 24 hours. The mea-
surements of “Be concentration are performed by means of the y—ray spectroscopy of the
collected samples. The spectrum contains a strong line at 477.59 keV, corresponding to the
decay of "Be. The photo efficiency of the line corresponds to the decay rate of "Be in the
sample, and finally the “Be activity, typically quantified in zBg/m3, is computed from the
intensity of the 477.59 keV line. Measurements are performed with a HPGe detector to
obtain a high resolution y—ray spectrum. The detectors are calibrated via standard mixed

radionuclide solution or by semi-empirical simulations. The systematic uncertainty caused
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by the detector calibration is generally around 3%. The measurement geometries, detector
types, models and detector efficiencies vary from station to station, and the homogenous
quality of data is ensured through inter-comparison measurements. When all the uncer-
tainties are taken into account, the total uncertainty for the measured "Be concentration is

approximately 7-8%.
5.3.2 "Be production model

The OuluCRAC:7BE model is based on detailed Monte-Carlo simulations, using COR-
SIKA (Heck et al., 1998) and FLUKA (Fasso et al., 2001) numerical packages, of the
nucleonic-muon-electromagnetic cascade initiated by cosmic rays in the Earth’s atmo-
sphere. All the details of the model can be found elsewhere (Usoskin and Kovaltsov, 2008).
The 3D xtime production rate ) of "Be in the atmosphere can be computed as a function

of the altitude h, geographical longitude A, latitude ), and time ¢ as

o0

QUi A1, 1) = / Y (h,E) - S(t,E) - dE. 5.1)
Ec(A\ )

where Y (h, E) is the "Be yield function at altitude %, provided by the OuluCRAC:7Be
model; S(t, F) is the differential energy spectrum of cosmic rays on the Earth’s orbit out-
side the geomagnetosphere; and integration is over the kinetic energy E of primary cosmic
rays above the energy F. corresponding to the local geomagnetic cutoff. The model can
deal with both galactic cosmic rays, which are always present in the near-Earth space, and
transient SEP events, via applying the appropriate energy spectrum .S in the equation. The
digital tables of the “Be yield function are available from Usoskin and Kovaltsov (2008).
We used the force-field approximation of the galactic cosmic ray spectrum (see full de-
tails in Usoskin et al. (2005)). The solar modulation potential (Usoskin et al., 2005, see
http://cosmicrays.oulu.fi/phi) was taken for January and February 2005, and we include
the additional "Be produced as a result of the severe SEP event on January 20, 2005. The

spectrum of SEP for the event of January 20, 2005, was taken using the Ellison-Ramaty
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spectral form (Ellison and Ramaty, 1985), which is often used as a handy approxima-
tion for strong SEP events (e.g. Lockwood et al., 1990; Stoker, 1995). The SEP spec-
trum is the same as in the previous work (see Fig. 4 in Usoskin and Kovaltsov, 2008),
and is obtained by fitting satellite data (Mewaldt, 2006) and ground based neutron mon-
itor measurements. This computed production of ‘Be atoms was then used as an input
for the atmospheric circulation model. The daily production of “Be was simulated for
all altitudes and all gridboxes as described above using the parameters of the geomagnetic
field from the IGRF-10 (10th generation of the International Geomagnetic Reference Field,
http://modelweb.gsfc.nasa.gov/magnetos/igrf.html) model for the epoch 2005. An example
of altitude profile of "Be production is shown in Fig. 5.1 for GCR and SEP. One can see
that the maximum production of “Be due to GCR corresponds to the altitude of 12—15 km.
Contribution from SEP becomes important at higher altitudes because of their greater flux
but softer energy spectrum.

Since we are primarily interested in the near-ground “Be concentration measurements,

we consider primary particles with energy above 50 MeV/nucleon.

5.3.3 Atmospheric general circulation model

Our simulations of the air mass transport were performed using the latest stratospheric
version of GISS ModelE (Schmidt et al., 2006). The model top is at 0.002 mb atmospheric
pressure, which is important for capturing the full range of stratospheric "Be production
and also for providing a realistic depiction of transport between the stratosphere and the
troposphere (Rind et al., 1999, 2007; Shindell et al., 2006). Previous studies with ModelE
have demonstrated its skill in simulating a variety of climatological features, and also in
realistically simulating “Be (Koch et al., 2006; Field et al., 2006; Schmidt et al., 2006). We
also note that the “Be production scheme used in these simulation, which allows for daily

varying production and radioactive decay, is slightly improved with respect to our earlier
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model (Field et al., 2006) in terms of how the production is partitioned over the vertical
pressure levels. Local pressure variations can change the distribution with height of the
"Be production: when local surface pressure is higher (more mass), the "Be production
occurs higher in the column. This was not accounted for in previous versions of the model.
However, it makes only a minor difference to the tropospheric "Be concentrations since
they are dominated by advection and mixing rather than by local production. Note that
the decay of "Be is straightforwardly accounted in the model and the 53-day half-life is
considerably longer than the weekly and monthly timeseries against which we compare

our model output, therefore it does not affect our results.

When simulating the “Be transport, we assume that there are always sufficient sulfate
aerosols available to scavenge the “Be atoms, and that “Be attaches to sulfate aerosols im-
mediately after production. We also assume that the sulfate aerosols are 100% soluble. The
simulated “Be is subject to all the advection, mixing and convection processes consistent
with the model air mass fluxes. In stratiform and convective clouds, aerosol species are
transported and handled according to processes for each cloud type. Aerosol gravitational
settling is also included, and fine aerosols are allowed to settle faster in the stratosphere,
where the mean free path exceeds the particle radius (Koch and Rind, 1998). The same
turbulent exchange coefficients as those used for the model humidity are applied to "Be
near the surface. The resistance-in-series scheme described in Wesely and Hicks (1977)
(derived from the Harvard GISS chemical transport model, e.g. Chin et al. (1996)) is the
basis for the model’s dry deposition scheme. This scheme is fully coupled to the GCM
processes and incorporates the GCM-assumed leaf area indices, surface types, radiation,

boundary layer height and Monin-Obhukov length (Koch et al., 2006).

Since the SEP event took place on January 20, we ran the simulations from January,
1, through February 27, 2005, in order to capture the effects of the production spike in the
weeks that followed. To simulate the conditions in January and February 2005 as realis-

tically as possible, we used a present-day atmospheric composition and forced the model



136

with observed sea surface temperatures and sea ice values. Also, we used NCEP/NCAR re-
analysis data to “nudge” the model winds so that they more closely resemble the observed
values. This is done by relaxing the horizontal wind field toward the horizontal components
of the reanalysis data (Bauer et al., 2004). Because the vertical mass flux is calculated as a
residual of the horizontal winds, sub-gridscale vertical movements will tend to be smoothed
out. Since atmospheric "Be concentrations increase rapidly with altitude, changes associ-
ated with storm systems and other vertical mixing processes can have a significant impact
on surface air concentrations. To the extent that the residual vertical motions are realistic,
we expect that the "Be concentrations near the surface will be well modelled. However
errors in the reanalysis plus deviations from the input winds due to the model’s internal

dynamics may lead to departures from the observed situation.

The spin-up to January 1, 2005, was over a 10-year period with 2004 nudged wind
conditions so that the "Be was in full equilibrium. There may therefore be small transients
that we are not capturing (such as those that are a function of the solar cycle), but these
are small compared to the variations due to advection which are dominant on synoptic

timescales.

In order to study in detail the effect of the SEP event, we performed two model runs: a
“SEP” and a “no SEP” run. In both runs, “Be production varied on a daily basis, however
the “SEP” run included the SEP-induced spike of "Be production on January 20, and the
“no SEP” run was performed without the spike. The model outputs the computed concen-
tration (in ppmv — parts per million by volume) of “Be averaged over the grid box and time
step. An example of the computed “Be concentration at the level of 192 mb is shown in
Fig. 5.2 for a quiet day of January 12, 2005. In order to match individual data locations and

heights, we perform a 3D interpolation of the gridded output.
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5.4 Testing the air mass transport

The results of the model computations were compared with the measurements for each
site individually (Table 5.1). Most of the analyzed stations are located at low altitude,
and we use the model results for the atmospheric layer with the pressure boundary of 984
mb, corresponding to about 250 m a.s.l. for the standard atmosphere. The only station
situated at higher altitude is DEP33 Freiburg (1208 m a.s.l. - see Table 5.1), for which
we used results for the atmospheric layer with the 884 mb pressure boundary. For the
purpose of explicit comparison, all the measured data, given originally in yBg/m?, have
been straightforwardly (1 uBg/m?® = 2.49825 x 10! ppmv) translated into the units of
ppmv, output by the model. We emphasize that the model results were considered exactly
as yielded by the model, without any adjustment or normalization. Therefore, we compare
not only the relative variations but also the absolute values of the isotope’s concentration in
the ambient air.

Comparison between the measured and modeled “Be concentrations is shown in
Figs. 5.3 and 5.4 for all the selected sites. First we check the results for the winter con-
ditions (Northern hemisphere). Agreement between the model and actual measurements
of "Be concentration is very good for the Stockholm station (Panel SEP63 in Fig. 5.3).
The absolute value of the modeled concentration matches well with that obtained from
measurements, including a relatively low level of 2—4x 107! ppmv in January and an
enhancement towards late February. The main temporal features are also well reproduced:
The major peak of concentration ca. day 38 is precisely reproduced by the model; another
peak ca. day 26 is reproduced qualitatively, but the model overestimates its level. A
small observed peak ca. day 14 is not reproduced by the model, which instead yields a
short peak at day 8, absent in the real data; the oscillatory pattern between days 42 and
59 is fairly well reproduced. Measurements at the Helsinki station (Panel HEL) are also

well reproduced by the model. The baseline of the modeled concentration follows nearly
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perfectly that of the actual data, except for a period ca. day 26, when a peak (similar to
that at the SEP63 station) is predicted by the model but is absent in the data. The major
peak ca. day 39 is perfectly modeled. We note that the large enhancement of the "Be
concentration in the Fennoscandic region (sites SEP63 and HEL) ca. day 38-39 was
related to a large-scale process of intrusion and lowering of a continental air mass rich in
"Be. The "Be concentration at the two Canadian sites (CAP15 and CAP16) was relatively
stable during the studied period, without distinct peaks. While the overall levels and their
slow variations are well reproduced by the model (nearly perfectly for the CAP1S5 site
and reasonably well for the CAP16 site), the variations on the daily scale do not match.
Long variations are reasonably well reproduced by the model for the DEP33 site until
day 42, when the model and real data begin to diverge. The observed peak ca. day 17
does not appear in the model results. The model reproduces very well the behavior of the
"Be concentration at the USP72 site, including the baseline and a peak ca. day 24. Some

spurious peaks appear in the model results in the late part of the analyzed interval.
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Figure 5.1: Daily production of "Be in a high-latitude region (P.=2 GV) as a function of

altitude: solid curve — the effect of the SEP event of January 20, 2005; dotted curve — GCR

for a quiet day of January 12, 2005.
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Figure 5.2: An example of the distribution of the computed “Be concentration (values in

ppmv are given in the bottom grey scale panel) at the atmospheric level of 192 mb for quiet

day of January 12, 2005.
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Figure 5.3: Measured (solid curves) and modeled (dotted curves) daily concentration of

"Be in the near-ground air for the beginning of the year 2005. Each panel corresponds to

a measuring site (see Table 5.1) in the Northern hemisphere. Concentration is presented

in 10~'® ppmv (parts per million by volume). Measurements uncertainties (not shown)
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comprise about 7% (see Sect. 5.3.1).
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Figure 5.4: The same as Fig. 5.3 but for the Southern hemisphere.
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Next we check the results for the mid-summer conditions (Southern hemisphere). The
agreement between model and measurements is excellent for the AUP0O4 site (Fig. 5.4),
with all the features being well reproduced by the model. The temporal behavior of "Be
measured at the AUPQ9 site is well reproduced in the main pattern (oscillations about 3
weeks in length) but some fine details are missing in the model results. The variations of
"Be at the AUPI10 station is more noisy. While the model reproduces the general pattern,
fine details are unevenly resolved: e.g., the peak ca. day 31 is precisely modeled, a similar
peak on day 13 is not reproduced. The model also yields a spurious peak ca. day 42. The
model precisely reproduces (with maybe a 1-day time inaccuracy) the variations at the site
NZP46 before the day 25, but underestimates the isotope’s concentration after that. The
main pattern at the station NZP47 is captured in general by the model, but the details and
the exact timing are only poorly reproduced.

We also analyzed coherence between the measured and modeled concentrations of "Be.
The coherence can be interpreted as localization of the correlation coefficient in the fre-
quency domain, so that correlation is shown as a function of frequency/period, averaged
over the entire time interval. We used the standard magnitude-squared coherence (Kay,
1988), Cyy (f), which quantifies (between 0 and 1) the agreement between two series = and

y at frequency f:

[Sxy (I
Ssec(f)Syy (f)

where S stands for the power spectral density of either the cross spectrum xy or the indi-

Cuy(f) = (5.2)

vidual series x or y. The coherence is shown in Fig. 5.5 for all the selected sites, except
the gapped CAP15 and DEP33 series. One can see that short (less than 4 days) variations
of the modeled "Be concentration are generally not related to the measured fluctuations, as
the coherence is low and insignificant. On the other hand, all the analyzed series depict a
highly significant coherence at time scales longer than 10 days. Note that, while the abso-
lute value of coherence is high at the time scales above 20 days, the significance may be

lower, because of the limited length of the series. The best results are obtained for AUPQ9,
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NZP46, SEP63 and HEL sites, where the variability is adequately modeled already at the 4-

day time scale. For such sites as NZP47, AUP10 and CAP16, the model starts significantly
reproducing the temporal variations only at a 9 to 10-day scale. Thus, all the analyzed
modeled data series reproduce the temporal variability of the measured data with the sig-
nificance above 90% at time scales longer than approximately a week. This timescale is
associated with the synoptic weather systems at these latitudes and is a consequence of the

large-scale coherence of the model to the observed sea level pressure patterns.
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Summarizing this comparison, we can conclude that:

e The model reproduces within about 10% accuracy the overall level of the near-ground
"Be concentration, which varies by an order of magnitude between (sub)polar and
tropical sites. The overall level is also correctly reproduced for the mountain site
DEP33 (1200 m elevation). This suggest that neither the OuluCRAC:7Be nor the
GISS ModelE models make notable errors in the simulations of the “Be production
rate and its large scale transport, or that these diagnostics are not sensitive to such

CITOrS.

e The slowly changing (time scales of 4 days and longer) baseline of the "Be con-
centration is well reproduced by the model for all the sites in both winter (Northern

hemisphere) and summer (Southern hemisphere) conditions.

e Most of the strong peaks in the measured “Be concentration are well reproduced by
the model, in terms of both the timing and amplitude. However, some increases in
concentration are not adequately reproduced by the model. The model sometimes

yields short spurious peaks, as e.g., ca. day 26 at SEP63 and HEL sites.

We can conclude that, while the model does not resolve all the small scale dynamics
in the observed air mass transport, it is pretty good in reproducing the large scale pattern
(time scales of 4 days and longer than a week), both qualitatively and quantitatively. While
the model’s representation of sea level pressure on monthly mean and daily timescales is
similar to the observed values, the nudging scheme used in these experiments still creates
small discrepancies, with better performance at high- and mid-latitudes than in the tropics.
The fidelity of the daily fluctuations in the model are therefore limited by the discrepancies
in the sea level pressure fields and the associated patterns in vertical motion. Discrepancies
between the modeled and observed "Be may also be related to the model’s inability to

resolve small-scale occurrences of stratosphere-troposphere exchange.
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5.5 The effect of solar energetic particles

Although the enhanced production of nuclei due to SEPs in the uppermost atmosphere
can be directly observed from satellites (Phillips et al., 2001; Share et al., 2002), the effect
in the lower atmosphere needs to be studied. In order to resolve the SEP effect, we compare
the results of the “SEP” and “no SEP” runs of the “Be production/transport model, which
are identical to each other in all respects except for including/ignoring the additional "Be
production by the SEP event on January 20, 2005 (see Sect. 5.3.3). The effect of the SEP
event for every location (A, v), altitude (h) and time (¢) is then defined as the normalized
excess of the "Be concentration, calculated by the “SEP” model, C, with respect to that of
the “no SEP” model, Cj:

Ot
RN 0, b, t) -~ Goo g b (5.3)

An example of the spatial distribution of the effect of the SEP event is shown in Figs. 5.6
and 5.7 for the altitude of about 12 km (pressure level 192 mb). Panel A shows the SEP
effect for the very day of the event and reflects only direct production of the isotope. The
enhancement of the "Be concentration is quite homogeneous (about 7% at this altitude and
an order of magnitude greater in the upper stratosphere) and is limited to the geomagnetic
latitude above 60°. Note that this region takes the sigmoid shape because of the tilt of the
geomagnetic axis with respect to the geographical axis. A spot of even higher (above 10%)
concentration south of Australia corresponds to the southern (geomagnetically northern)
magnetic pole and was caused by the highly anisotropic prompt component of the SEP
event (Bazilevskaya et al., 2008). Next, panel B in Fig. 5.6 shows the spatial distribution
of the effect 11 days later (January, 31). Here both horizontal and vertical transports are
important. In the Southern hemisphere with its austral summer, the enhanced (5-6%) con-
centration occupies all geographical latitudes above 50° nearly uniformly with some small
plumes extending to 30°. The situation in the Northern winter hemisphere is more com-

plicated. Because of the intensive air mass transport, the enhanced concentration quickly
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advances to subtropical latitudes in the Far East and Pacific regions, but retreated to 50-70°
latitude in the North Atlantic region.

Panel C in Fig. 5.7 shows the situation 40 days after the event, when about 40% of the
"Be atoms produced during the event have already decayed. The enhanced concentration
(3—4% on average) occupies now all latitudes above 45° nearly homogeneously with some
signatures of the zonal patterns, particularly in the southern hemisphere.

In summary, the pattern of an SEP event on the “Be concentration in air is defined by
the local production in the very first days after the event, after which it is dominated by
the large-scale air mass transport, including vertical transport. Within a month or so, air
concentrations are homogenized in the mid-high latitudes (above roughly 45° latitude).

We have also analyzed the time and altitude variability of the SEP effect for the high
latitude (60-64° N) zonal mean, where the expected effect is high (Fig. 5.8). While the
absolute production of "Be peaks around 15-20 km, the SEP effect starts dominating over
the GCR production above 20 km altitude (Fig. 5.1). Accordingly, the immediate SEP
effect can be directly observed only in the upper stratosphere. The modelled effect of
SEP event is very strong (two orders of magnitude greater than the daily GCR-related
production) and instantaneous at the altitude above 50 km. The additionally produced “Be
does not stay at this atmospheric level but moves down as shown in the figure, descending
to 40-50 km within a week. After a fortnight there is no indication of the enhanced “Be

concentration at these altitudes.
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Figure 5.6: Spatial (geographical latitude-longitude) distribution of the computed effect
(see text for definition) of SEP event of January 20, 2005, in the "Be concentration at the
atmospheric level of 192 mb (about 12 km altitude). The grey scale in the bottom applies
to all the panels. The distribution is shown for days of January, 20 (Panel A), January, 31

(Panel B) and February 27 (Panel C).
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Figure 5.7: Spatial (geographical latitude-longitude) distribution of the computed effect
(see text for definition) of SEP event of January 20, 2005, as in fig. 5.6, for February 27

(Panel C).
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The "Be concentration enhanced by an order of magnitude is expected in the middle
troposphere (about 25-30 km). While the immediate effect of SEP (on January, 20) was of
a factor of 14 at 30 km altitude, the enhanced concentrations stays nearly constant at the
level of enhancement by a factor of 10-20 for about a month due to the steady advection
of "Be from upper layers. The effect of the SEP event rapidly decreases with lowering
altitude, being factors of 3, 0.25 and 0.07 at about 25 km, 20 km and 14 km, respectively.
However, because of the redistribution of the produced isotope (in particular by the vertical
motion), the enhanced concentration persists for weeks. The modeled SEP effect is strong
enough to be directly observed in the stratosphere, but it is weak in the troposphere, at
the level of 2-3%, and is mostly secondary (i.e., due to the downward transport of the
additionally produced “Be), with the direct effect not exceeding 2%, which is smaller than
the measurement uncertainties. Some slight enhancements might be expected during a
couple of weeks after the event, but these cannot be distinguished over the background
variations of several percent (see Sect. 5.3.1).

Summarizing this analysis we can conclude that the instantaneous direct effect of the
SEP event is strongest in the upper stratosphere, with concentrations of “Be increasing by
two orders of magnitude due to the enhanced in-site production. In the lower stratosphere
and troposphere, the effect is two-fold: a peak of “Be concentration on the first day is the
result of the direct production effect, and enhanced concentration extends for months due
to the descent of "Be produced largely in higher atmospheric layers.

The expected effect (2-3%) of an extreme SEP event, as predicted by the model, is
apparently too small to be detected at the near-ground data analyzed here, in agreement
with an earlier fragmentary study (Yoshimori, 2005b). Direct measurements in the strato-
sphere, where the “Be concentration is expected to be enhanced by a factor of 2—10 during
the weeks following the event, would make it possible to test the model results directly.
However, we are not aware of such measurements performed during January or February

2005.
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Figure 5.8: Effect (see text for definition) of solar energetic particles from the SEP event
of January 20, 2005 on the computed “Be concentration in the atmosphere in subpolar

zonal mean (60-64° N latitude, averaged over all longitudes).
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5.6 Discussion and Conclusions

We presented the results of testing of an atmospheric GCM model using the cosmogenic
isotope “Be as a tracer of air mass transport in the Earth’s atmosphere. A combination of
a numerical model of “Be production and transport has been developed, using the GISS
ModelE atmospheric circulation model, where in-situ production of "Be by cosmic rays
is included explicitly as computed by the OuluCRAC:7Be model. The combined model
allows us to trace the air mass transport by means of the “Be concentration in full 3D on
daily timescales. In order to evaluate the model, its results were directly compared with
routine daily measurements of the “Be concentration in near-ground air performed by radi-
ation safety authorities in different countries covering the latitudinal range from tropics to
polar regions (see Table 5.1). The model reproduces well both the overall level of “Be con-
centration in the near-ground air, which varies by an order of magnitude between different
monitoring stations, and also the large scale variations in air concentration, including, e.g.,
a pronounced peak on February 6—10 in Fennoscandian sites SEP63 and HEL.

We note that while the results of the OuluCRAC:7Be production model are in good
agreement with semi-empirical models (Lal and Peters, 1967; Nagai et al., 2000; O’Brien,
1979) and fragmentary in-situ measurements (see Sect. 3 in Usoskin and Kovaltsov
(2008)), some numerical models (Masarik and Beer, 1999; Webber et al., 2007) may some-
what underestimate the production as mentioned by Kollar et al. (2000) and Heikkili et al.
(2008). The Monte-Carlo core of the OuluCRAC:7BE model is essentially the same as that
of the OuluCRAC:CRII model (Usoskin and Kovaltsov, 2006), which computes the cosmic
ray-induced ionization in the atmosphere. The latter has been verified, by comparison
with observational data and independent model simulations, to correctly simulate the at-
mospheric cascade within 10% accuracy (Bazilevskaya et al., 2008; Usoskin et al., 2009),
which confirms the correctness of the cascade core simulations by the OuluCRAC model.

The overall agreement with measurements obtained here implies that our OuluCRAC:7Be
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model correctly simulates the production of “Be, including the overall normalization.

We also found that our combined model adequately reproduces transport of air masses
on large scales (time scales of 4 days or longer). However, details at shorter timescales and
on sub-synoptic length scales are unevenly described by the model: while some variations
are precisely reproduced (e.g., for the APUO4 site), some others are either not reproduced
(e.g., a peak ca. January 18 at DEP33 station) or over-reproduced (e.g., a short peak on
January 26 at the SEP63 site) by the model. Short-term fluctuations at the diurnal scale are
typically not reproduced by the model. This suggests that the combined model simulates
correctly the large-scale atmospheric dynamics but does not possess sufficient precision
to distinguish small scale effects. This is probably related to the nudging scheme used in
these model runs (Sect. 5.3.3). The present comparison is limited to the lowest atmospheric
layer, since the routine measurements of ‘Be concentration are only performed near the
ground. However, since the isotope is mostly produced in the upper atmospheric layers,
the present results imply that the model also works correctly for higher altitudes, at least
in the troposphere. For that layer, the model succeeds in matching the magnitude of the
observed “Be concentrations, as well as the range of variability and the general trends at

the different northern hemisphere and southern hemisphere locations.

We have also studied the effect of a severe solar energetic particle event on "Be in the
atmosphere. The severe SEP event of January 20, 2005, resulted in an instant “injection”
of "Be atoms into the atmosphere. The simulations suggest that the effect of the SEP event
on "Be concentration is two-fold. The instantaneous effect of the enhanced local produc-
tion due to solar particles is limited to polar regions but occupies the entire atmospheric
column, varying from two to three orders of magnitude in the upper stratosphere to a few
percent in the lower troposphere. This immediate effect dominates in the upper atmo-
sphere, from where "Be produced by the SEP event descends to the stratosphere within
several days. On the other hand, the enhanced concentration of "Be in stratosphere and

troposphere is prolonged for month(s), mostly because of the downward transport of “Be
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from upper atmospheric layers. The effect of notably enhanced “Be concentration extends
from (geomagnetic) polar regions to occupy the entire mid- and high-latitudes, with a clear
zonal structure in the Southern hemisphere (local summer). Unfortunately, the expected
effect of the SEP event is too small (about 2%) at the ground level to be securely detected
in the measured data. Direct air-borne measurements of ‘Be concentration in the upper
troposphere or stratosphere, even performed several weeks after a strong SEP event, could
provide extremely valuable information for direct tests of air circulation models.

In conclusion, we have developed and directly verified a novel combined model of pro-
duction and transport of the cosmogenic tracer "Be in the atmosphere. We have shown
that synoptic variations in “Be can be captured by a nudged GCM including aerosol trac-
ers. Further analysis of the causes of these variations and more detailed studies of strato-
sphere/troposphere interactions may allow more fundamental tests of the model leading to

better understanding of the air mass transport processes.
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CHAPTER 6

CONCLUSIONS

The experiments discussed in the preceding chapters have examined the influences on
the 1°Be record from several different angles. In terms of production-related impacts, de-
creases in geomagnetic field strength and in the solar modulation constant ¢ both result
in increased '°Be production, but with distinct differences in latitudinal distribution. The
zonal mean changes in 1°Be deposition showed a polar enancement coefficient of 1.2 for
solar magnetic changes, which may take place on annual to multidecadal timescales, and
0.8 for geomagnetic changes, which are more likely to take place over centennial and mil-

lennial timescales.

On shorter timescales, the simulations of January-February 2005 using a daily-varying
production function show that solar energetic particle (SEP) events such as the one that
took place on January 20, 2005, lead to large increases in stratospheric and mesospheric
"Be air concentrations, and that stratospheric and tropospheric concentrations are enhanced
for weeks after as the SEP-produced "Be is transported downward. However, SEP-related
increases in “Be air concentrations at the surface are only about 2% and therefore too small
to be clearly detected amid day-to-day variability. Should tropospheric and stratospheric
observations of another SEP event become available sometime in the future, it would be
interesting to revisit this project and compare model performance with atmospheric “Be

data.

In looking at climate-related impacts on °Be, model runs simulating periods of reduced
NADW production (the Younger Dryas and the 8.2 kyr event) show increases in 1°Be con-
centration that are about half as large as the observed changes for those time periods. The

smaller magnitude of the modeled concentrations in comparison to the ice-core data may be
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related to the warmer-than-observed conditions in the modeled climates for those runs. The
increased concentrations seen in the model are due both to higher levels of 1°Be deposition
and decreased accumulation. In the 2xCO, simulation, a slightly different combination of
effects takes place: the warmer climate causes increased precipitation over ice sheets, and
also leads to higher levels of STE, which would imply that 1°Be was being transferred from
the regions of its production to the surface at a faster rate. However the higher accumu-
lation rates have the stronger impact, and cause '°Be snow concentrations to decrease by
8-40% over Greenland and Antarctica. Concentration changes related to persistent volcanic
eruptions, while also dominated by reduced accumulation, are less consistent and result in
5-15% increases in '°Be snow concentration over parts of central Antarctica, but negligible

changes over Greenland.

Overall, the results of the experiments involving climate forcings alone indicate that
climate perturbations that are (1) relatively large (such as those caused by sizeable reduc-
tions in NADW production), (2) sustained over several decades or longer, and (3) unrelated
to changes in ¢ or geomagnetic field strength can lead to notable changes in modeled '°Be
snow concentration. The model results also demonstrate that it’s possible for the sign of the
concentration changes to be consistent with what might be expected had coincident solar
irradiance changes taken place — such as in the 2xCO, runs, where the warmer tempera-
tures and reduced °Be concentrations could appear to be the result of increases in TSI and
solar magnetic activity. In order to avoid the mistake of over-attributing '°Be concentration
changes to changes in production (and, by extension, changes in TSI), it is therefore im-
portant to consider the potential effects of climate, particularly during times of significant

climate change.

In order to create a context for understanding how simultaneous production changes
and climate changes might affect 1°Be, I performed experiments to simulate Maunder
Minimum-like conditions. The model was forced with a range of TSI changes, volcanic

aerosols, and ¢ values to create simulations that captured a range of possible Maunder Min-
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imum (MM) climate scenarios. In the runs with TSI changes and production changes, '“Be
snow concentration is influenced much more strongly by production changes than by TSI-
related climate effects. The addition of volcanic forcing, which is not necessary in order to
create realistic MM climate conditions, does not have a notable impact on °Be over Green-
land or Antarctica. Volcanic forcing does however have a variable effect on simulated °Be
snow concentrations at the gridbox level, and presents a possible subject for future study.
Finally, I compared the relationship between the ¢ changes used in the experiments, and
the resulting °Be concentration changes, with different estimates of the observed concen-
tration changes during the MM. Taking into account the uncertainties related to the time
resolution of the different sets of observations, and the years used as reference periods and
averaging periods, our results indicate that over the MM, ¢ values ranged from approxi-
mately 280 to 395 MeV, with values as low as 142 MeV during the years with the highest

observed °Be concentrations.

The 20th-century transient simulations address the combined effects of production
change and climate change from a different perspective, by looking at how ice-core records
from different locations might respond to the combined forcings over time. The model has
difficulty simulating high enough accumulation rates at South Pole, however the relative
changes in the modeled “Be concentrations agree fairly well with the observed values.
Simulated !°Be concentration trends at Taylor Dome and South Pole agree with each other
more closely than at Dye 3, where the trends for the individual ensemble members cover
a wider range of values. The greater degree of unforced variability at Dye 3 compared
to Taylor Dome and South Pole, as well as the better agreement between the modeled
concentration trends at the Antarctic locations and the expected change due to ¢ changes
imply that in the model, Antarctic °Be is likely to be a better proxy for production
changes, at least on centennial timescales. While the observed Dye 3 concentration trend
agrees with the expected change in deposition due to production, the modeled Dye 3

trend values are all greater than the observed trend, and most of them are higher than the
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expected production-related change. These results suggest that there is a strong climate
component to the !°Be in southern Greenland and merits more detailed investigation.
Collectively, the results of these experiments indicate that there are a variety of consid-
erations that should be taken into account when interpreting the '°Be record, and the best
approach to take will depend significantly on the time period and relevant forcings. When
analyzing 1°Be snow concentrations, the primary goal is often to make a statement about
how ¢ or the geomagnetic field changed during that time. In the most general terms, the
results show that on decadal and centennial timescales, ¢ changes are more likely to have
a stronger impact on the °Be record than climate effects. On longer timescales, for which
much larger climate forcings are possible, climate-related concentration changes may have
an equal or even larger impact on °Be ice-core records than production changes. It is
also possible that, for certain magnitudes of forcing, both production changes and climate
changes can have discernible effects on °Be concentrations, as shown in the 20th-century
transient experiments. Caveats apply in all cases, and I have mentioned some possible
directions that further modeling studies of °Be could take. However perhaps even more
important at this stage is the need to expand and improve the available observations, and

cultivate the analysis and creation of new high-resolution ice-core records.
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